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Preface 


Whenever I think of poly(pyrazolyl)borates I think of Swiatoslaw, better 
known to his close friends as Jerry Trofimenko. Whenever one makes a new member 
of this group of compounds, or does some chemistry with their complexes, one can 
be sure of hearing from him: a request for a reprint or some other expression of real 
interest. This is one of the joys of working in an active and growing field which has 
such an energetic and imaginative creator. 


This group of remarkable compounds is, in a sense, Jerry's scientific 
"baby". It is more than 30 years since he synthesized and described them in a series 
of landmark papers in the Journal of the American Chemical Society, and it still 
seems something of a surprise to me that they took quite a long time to catch on, to 
"grow up". Maybe the reason had something to do with the transition metal 
chemists’ obsession with, and the dominance of, organometallic chemistry in the 60s 
and 70s. Perhaps there was a subconscious feeling that "hard" N-donor atoms could 
not do much for metal-carbon bonds. How times have changed! Now, one can hardly 
pick up a major journal dealing with the chemistry of metals without finding at least 
one paper dealing with the consequences of using these ligands and their many 
derivatives. So there is no doubt that poly(pyrazolyl)borates have finally come to 
maturity! 


The early coordination chemistry of these ligands was certainly influenced 
by organometallic thinking. The analogy between the cyclopentadienide ion and 
tris(pyrazolyl)borates and between p-diketonates and bis(pyrazolyl)borates was 
particularly useful. However, Jerry himself has commented many times that while 
this view undoubtedly had its bvenefits, and this was what attracted me to use the 
ligands in the first place, it is rather naive. Jerry's own introduction of the term 
scorpionate which he explains and develops in this book, conveys a more meaningful 
three-dimensional picture, although the notion of a "sting" is perhaps not quite what 
was in his mind. 


Poly(pyrazolyl)borates now find uses in an extraordinarily wide range of 
chemistry, from modelling the active site of metallo-enzymes, through analytical 
chemistry and organic synthesis, to catalysis and materials science. Furthermore, the 
versatility of these ligands, their relative ease of synthesis, and the attendant 
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important stereochemical consequences on coordination has stimulated other chemists 
to devise similar types of ligands but with different donor atoms, different charges 
and, ultimately different shapes. There can be no more powerful testimony to the 
significance and importance of Jerry's inventions. 


This book represents the culmination of a professional career devoted, 
almost by accident, to synthetic chemistry. This makes Jerry's development of the 
field all the more remarkable since his employers at the time, the du Pont Company, 
did not formally contract him to prepare novel ligand systems! The book encapsulates 
all that is presently known about the poly(pyrazolyl)borate family of ligands and 
most certainly does not represent the decline of the field into old age. To paraphrase 
Winston Churchill, it represents not the beginning of the end of 
poly(pyrazolyl)borate chemistry, but rather the end of the beginning. 


Jon McCleverty 
Bristol, April 1999 
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Chapter 1 


Introduction 


1.1 General Considerations 


Polypyrazolylborates are today a well-established ligand system, known in the 
literature for over 32 years. They combine the features of a tetrasubstituted boron 
anion, with the donor atoms of two or more pyrazol-1-y] substituents (denoted as 
"pz") attached to the boron, and can be represented by the general formulas 1 for the 
parent system, and 2 for its substituted variants. In structure 2, R is a non-pyrazolyl 
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substituent (H, D, alkyl, aryl, substituted aryl, and F have been reported) and n can 
be 0, 1 or 2. Furthermore, the pyrazolyl rings may contain К!, R2, and R? 
substituents (alkyl, aryl, heteroaryl, halo, cyano, fused benzo- and naphtho-rings, 
etc.) in the 3-, 4-, and 5-positions, and these substituents may themselves contain 
additional donor sites. This gives rise to an enormous number of possible structural 
variations for polypyrazolylborate ligands, permitting their design with specific steric 
and electronic features, which define and control their coordination chemistry. 


Polypyrazolylborate ligands have been generally used as molecular vises to 
keep the metal ion in a firm tridentate (C4, symmetry) grip, so that chemical 
operations could be performed at the remaining coordination sites; as components of 
models for various enzymes, mimicking an array of three histidine N-donors; as 
components of catalyst systems for polymerization of alkenes and alkynes, and for 
other organic reactions; and as stabilizing groups to cap the corners of diverse metal 
clusters. 
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Since the first communication on polypyrazolylborates in 1966,! and 
especially since the introduction of their "second generation",?? which provided steric 
coordination control via 3-substituents, a very substantial body of literature (over 
1400 publications) has appeared, describing the synthesis and the application of 
polypyrazolylborate ligands in various areas of chemistry. Many ligand modifications. 
have been reported, and by now over 170 different polypyrazolylborate ligands are 
known. Their complexes have been described for all elements of groups 1 through 13 
(excluding Fr and Ra), for phosphorus, for all lanthanides (except for Pm), as well as 
for the actinides U, Th, Np and Pu. The popularity of polypyrazolylborate ligands 
seems to be growing. And yet, there has been no comprehensive source of 
information tying together the currently existing, but scattered, body of knowledge. 
The reviews that have appeared so far, covered only certain time periods, or were 
converned with specialized sub-areas, while the inorganic chemistry textbooks dealt 
with this subject very cursorily, if at all. 


This book attempts to remedy the currently existing situation, by providing 
a comprehensive coverage of all aspects of polypyrazolylborate chemistry up to the 
end of 1998, also including a number of 1999 papers, so that it can be used as a 
convenient reference source, permitting the researcher to establish what has already 
been done and, just as importantly, which sub-areas are still relatively unexplored. 


In view of the enormous number of complexes synthesized from 
polypyrazolylborate ligands, and the very diverse research goals in the context of 
which these complexes were prepared, organizing the material of this book 
necessitated extremely concise coverage of the various ligands and of their reactions. 
While the scheme that I have adopted may not be perfect, it seemed to be the most 
suitable one to achieve complete coverage of the information on hand. 


The first chapter covers the general features of this ligand class, explains 
why the trivial name "scorpionates" is suitable for polypyrazolylborates, and includes 
an updated system for abbreviating these ligands, taking into account the most recent 
developments. It also offers a detailed comparison of the trispyrazolylborate and 
cyclopentadienide ligands, since they are generally regarded as "comparable" in their 
coordination chemistry. A fairly compact history of the development of 
polypyrazolylborate ligands, and of their coordination chemistry, is followed by a 
brief presentation of all the reviews in this area. Several general procedures for the 
synthesis of most types of polypyrazolylborate ligands are provided next, followed by 
a list of all the ppublished, and of some unpublished, ligands. Finally, a brief 
overview of related ligands, derived by replacing either pyrazole or boron with other 
moieties, is presented. 


The second chapter is devoted to the coordination chemistry of the "first 


generation" ligands, [HB(pz),], (B(pz),]: and [HB(3,5Mespz),]", which were the 
mainstay of the first 20 years of research in this area, and are still very extensively 


used even today. The simplest parent ligand, [H,B(pz)2]”, is covered along with other 
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dihydrobis(pyrazol-1-yl)borates in Chapter four. The material is organized according 
to the groups of the periodic table. It includes non-metals, as well as the free acids 
(H,B(pz),.,]H. Chapter three covers the tris- and tetrakispyrazolylborates containing 
substituents on the pyrazole ring, but excluding [HB(3,5Me;pz);]'. Included in it are 
the "second generation" ligands with bulky 3-substituents, and all other substituted 
ligands, even those reported in the early papers. The material is organized according 
to the ligand structure, that is, the type of substitution on the boron and on the 
pyrazolyl carbons. Ligand rearrangements of the type [HB(3Rpz)] > 
[HB(3Rpz);(SRpz)J are also discussed. 


Heteroscoropionates, defined as ligands having the structure [RR'B(pz9);]', 
are dealt with in Chapter four. They can act in either bidentate or tridentate fashion, 
depending on the nature of the R and R' substituents on boron. 


The fifth Chapter deals with specific applications of polypyrazolylborate 
ligands in areas such as modelling of enzymes in bioinorganic chemistry, their use as 
possible analytical reagents, their use in C—H bond activation (photolytic and 
thermal), and in catalysis. It also includes some physical studies to the extent that 
they go beyond simple techniques for structure determination, and other 
miscellaneous information which did not fit into any of the previous categories. The 
subjects are arranged thematically, and all ligand types are covered. The conclusion 
section summarizes the current status of this area, along with some tentative 
prognosis of future developments. 


1.2 Polypyrazolylborates — Scorpionates 


The defining feature of polypyrazolylborate complexes which are almost always at 
least bidentate, is the six-membered ring B(1-pz).M within а more general structure 
RR'B(u-pz);ML, containing unspecified additional boron, pyrazolyl, and metal 
substituents. The B(u.-pz),M ring is in most instances in the boat form of varying 
depth, and this makes R and R' unequal: the pseudoequatorial R is pointing away 
from the metal roughly along the B-M axis, but the pseudoaxial R' is directed 
towards the metal, as shown in 3: 
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As a result of this reaching over the B(u—pz)2M ring, the R' substituent 
may form a full or partial bond to the metal, engage in agostic interaction, or simply 
screen the access to the metal for other potential ligands. This R' bridge may be 
either monoatomic (-H, -OR; -SR, -NMe>) or diatomic (-pz, agostic C—H). It was 
this feature, unique at the time of their introduction, that prompted me to coin the 
term "scorpionates" for polypyrazolylborates, as the coordination behavior of the 
[RR'B(u-pz);] ligands closely resembles the hunting habits of a scorpion: this 
creature grabs its prey with two claws (coordination of M through the two 2-N atoms 
of the B(-pz); groups), and then may, or may not, proceed to sting it with its 
overarching tail (the R' group). Thus, many aspects of scorpionate chemistry may be 
viewed as variations on the sting theme. 


The nature of the boron substituents R and R' defines the ligand type 
further. For instance, R' may be another pyrazolyl group pz" (рг = a pyrazol-1-yl 
group with unspecified substituents), identical to the two bridging pz" groups, in 
which case the ligand is tridentate of C3, symmetry, [RB(pz*)]', and the "sting" 
becomes another "claw". Such ligands will be referred to as "homoscorpionates", and 
they are the most frequently used polypyrazolylborates. If neither R nor R' is pz* , 
then the ligand is a heteroscorpionate. This category includes ligands where R and/or 
R' are H, alkyl, aryl, F, OR, SR, SAr, NMe;, yielding complexes of type 4, which 
may also involve additional bonding to M by the R' substituent. Heteroscorpionates 
also include ligands where R' is another pyrazolyl group, pz’, different from pz* 
either in the types of substituents, or in their regiochemistry (for instance, pz* may 
Бе 3-R-pyrazol-1-yl, while pz* would be 5-R-pyrazol-1-yl). 
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(N-N represents the third, hidden, |1-pz ring) 


Homoscorpionates typically coordinate to the metal in tridentate fashion, as 
in the half-sandwich complex 5, or in the octahedral homoleptic complex 6. 
Nevertheless, there are instances where the [RB(pz*)3]° ligand coordinates only in 
bidentate fashion. This is often accompanied by rapid exchange of the coordinated 
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and uncoordinated pz* groups, observable on the NMR time scale. Conversely, a 
heteroscorpionate ligand may coordinate in tridentate fashion, not only in cases where 
R' is pz or a heteroatom, but even in cases where R' is a hydrogen or an alkyl group 
(agostic bonding). 
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When both boron substituents К and R' are pz* groups, the [B(pz")] ligand 
is still a homoscorpionate, as it usually coordinates through the three pz* groups, 
with the fourth pz* group remaining unattached to the metal. This happens with 
metals preferring octahedral coordination, e.g. cobalt(II). With zinc, the coordination 
may be octahedral in the crystal, but in solution all pz* groups are identical by 
NMR, implying a tetrahedral structure with rapid exchange of the four pyrazolyl 
groups on the NMR time scale. The same thing happens in compounds such as 
[B(pz)4]Pd(r?-allyl).* Steric effects do play a role, however. Thus, the ligand [B(3- 
Pripz)]: coordinates with Fe!!, Co", Ni!!, Cu", and Zn"! only in bidentate fashion, 
forming tetrahedral complexes, and without exchange of the coordinated and 
uncoordinated pz groups.5 


1.3 The Abbreviation System for Scorpionate 
Ligands 


Writing the systematic names for polypyrazolylborate ligands, such as 
"hydrotris(pyrazol-1-yl)borate" is cumbersome. While denoting them as [HB(pz)]: is 
more streamlined, a still better method of representing the trispyrazolylborate ligand 
system, proposed by Curtis," is to use "Tp" for the [HB(pz);] ligand, and "Tp*" for 
[HB(3,5-dimethylpyrazol-1-yl);]', as these two ligands — easiest to make among all 
the homoscorpionates — have been used most frequently. After the introduction in 
1986 of the "second generation" ligands , which contained bulky substituents in the 
3-position, this abbreviation system was expanded in order to accomodate most of the 
many new trispyrazolylborates that were being reported. The rules of creating these 
abbreviations, slightly modified from the original version, are as follows: 
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1. The basic [HB(pz);] structure is denoted by Tp, and any non-hydrogen substituent 
in the 3-position is denoted by a superscript. Thus, [HB(3-methylpz);] is denoted as 
трм, 7, [HB(3-phenylpz)]: is written as Tp”, (HB(3-isopropylpz)4]: as Tp'*, and 
so forth. The reason for giving such priority to the 3-substituent is that in the 
reaction of KBH, with 3(5)-monosubstituted pyrazoles the asymmetric R-substituent 
ends up in the 3-position of the ligand. In the few cases where rearrangement of the 
ligand has taken place, and Tp® has become [HB(3-Rpz);(5-Rpz)T', the unsymmetrical 
ligand will be written as Tp®*, 8. When there are four identical pyrazolyl groups 
bound to boron, as in [B(3R-pz),], the ligand will be denoted as pz°Tp®, 9, while 
the simple parent ligand [B(pz)4} is abbreviated as pzTp. Boron substituents are 
written preceding "Тр": for instance, butylhydrotris(pyrazol-1-yl)borate is BuTp, 10. 


туз Трк“ pz°Tp® BuTp 
7 8 9 10 


(—N=N-— is a pyrazolyl group, matching the one at the bottom of the drawing) 


2. The 5-substituent follows the 3-substituent as a superscript, separated by 
а comma. Thus, [HB(3-isopropyl-5-methylpz),] is denoted as Tp'’™e, 11. When 
both, the 3 and the 5 substituents are identical, the superscript R-substituent is 
followed by a 2: thus [HB(3,5-diphenylpz),] is Tp?h?, 12. In the case of the most 
commonly used ligand, [HB(3,5-dimethylpz);} the systematic abbreviation would be 
TpM*? although, considering the long historical use of Tp*, 13, that abbreviation can 
also be used, and will be adhered to in this book. Since Tp* defines uniquely the 
position of the two methyl substituents, a substituent in the 4-position follows the 
asterisk: thus, (HB(3,5-dimethyl-4-chloropz),]: is simply Tp*Cl, 14. 
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3. A substituent in the 4-position is denoted as a 4R superscript. Thus, 
[HB(3-isopropyl-4-bromopz)] is Tp/P'4Pr, 15, and [HB(4-chloropz);] is Tp*C!, 16. 
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4. In the less common case of polyindazolylborates, they will be 
represented as benzopyrazolylborates, Tp®°, with the mode of fusion of the benzo 
ring to pz indicated by the superscript of 3 or 4 preceding "Bo" (i.e., Тр?8° (17) and 
Tp*P (18)) to indicate a 3,4- or 4-5 fusion of the benzo ring, and with the position 
numbering following the indazole numbering system. 
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тр?Во (17) Tp4Bo (18) 

5. In the few instances of very complicated substitution on the pyrazolyl 
ring, each ligand structure will have to be denoted individually as Tp*, Tp’, etc., or 
else written up in a fully systematic way. 


6. A general homoscorpionate ligand with unspecified substituents will be 
denoted as Tp* , 19, and a general pyrazolyl group will be pz*, 20 
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7. Heteroscorpionate ligands will be abbreviated as "Bp", with the C- 
substituents denoted as defined above for Tp, and with the non-hydrogen substituents 
on the boron written before the abbreviation. For instance diethylbis(pyrazol-1- 
yl)borate will be denoted as Et Bp, 21, and H;B(3-tBupz); as Bp'", 22. 


1.4 COMPARISON OF Tp AND Cp LIGANDS 9 


Et,Bp (21) Bp! (22) 


14 Comparison of the Tp and Cp Ligands 


Over the years it has been customary to compare the Tp ligand system to the 
cyclopentadienide ions, Cp or Cp*, inasmuch as they formed many similar metal 
complexes, such as L;M, [LM(CO);], [LM(CO);NO], etc. Both ligands are 
uninegative, each is donating six electrons and can occupy three coordination sites. 
However the similarity ends here, as the Tp ligand exhibits many distinguishing and 
unique features: 


1. The symmetry of a TpM fragment is C3, as opposed to Cs, for CpM. 


2. There are ten substitutable positions on the Tp ligand: one on the boron, 
and a total of three on each of the 3-, 4-, and 5-positions of the pyrazole ring. This 
alone permits a wider range of modifications for the Tp ligand. 


3. If we consider the number of possible R-substituted ligands with 
retention of the original symmetry (isosymmetric), then there is only one such 
possibility with Cp (CsRs), whereas in the case of Tp there are 15 such possibilities, 
including the different ways to place a given number of R substituents on a Tp 
ligand: four monosubstituted, six disubstituted, four trisubstituted, and one 
tetrasubstituted. If the R-substituents are non-identical, the number of these 
possibilities is greatly increased. It should be noted, that the symmetry of the Tp 
ligand does not change if different R-substitutents are used, provided they are of the 
same regiochemistry. For instance, the ligand [Tp'P"Me9r]- has the same symmetry 
as the parent ligand Tp. 


4. In terms of the capability to produce monomeric LMX species (X = 
halide), Cp can do it with only with M = Be, while stable TpSMX species are readily 
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obtained for numerous main group and transition metals, using sterically hindered 
Тр® ligands. 


5. The alkali metal salts of Tp ligands are air-stable solids, and require no 
unusual precautions for storage. By contrast, such Cp salts are air-sensitive, and 
require special handling. 


6. The "free acids", TpH, are also stable compounds; moreover, they can act 
as ligands, so that Tp derivatives may be obtained even in acid media. By contrast, 
cyclopentadiene itself is a diene ligand, rather than ligating as the Cp anion, and it 
also tends to dimerize on storage. 


7. Another advantage of Tp over Cp is the existence of a carbon-based, 
neutral, isosteric, and isoelectronic analog: trispyrazolylmethane, HC(pz)3. This 
ligand, and its substituted variants, coordinate in essentially the same way as Tp, but 
the charge of the resulting complex is more positive by one unit. No neutral, 
isosteric and isoelectronic analogs of Cp exist. 


8. One can also envisage an isosymmetric and isoelectronic analog of Tp 
based on beryllium: [RBe(pz);]^ which could lead to unique neutral octahedral 
chelates with tetravalent metals, [M{RBe(pz)3}2] and to the appropriate anionic 
species with M!! and М!!! ions. None of that is, of course, possible in the Cp 
system. 


As can be seen from the above, the Tp ligand system offers an astounding 
degree of versatility for the construction of ligands with judiciously chosen and 
appropriately located substituents. The well-developed chemistry of the pyrazole 
heterocycle offers a veritable cornucopia of substituted pyrazoles, capable of 
imparting the desired steric and electronic features to the derived Tp* ligand. 


1.5 Historical Development 


In the early publications, the synthesis of the parent ligands, Bp, Tp and pzTp, of 
their transition metal complexes,? and of pyrazaboles [R;B(u-pz);BR;]!? was 
described, as well as that of their B- and C-substituted analogs.!!-!2 The magnetic 
moments and UV and visible spectra of Tp complexes were determined, NMR studies 
of the paramagnetic complexes of Co", and Móssbauer studies of various Fe"! 
complexes were conducted.!?.4 Churchill determined the first structure of an 
octahedral homoscorpionate complex, Tp;Co, by X-ray crystallography.!5 Half- 
sandwich complexes TpM(X)(Y)(Z), where X, Y, and Z were diverse other ligands, 
were prepared, many of them similar to the Cp analogs, others unique.!6-4 
Stereochemical nonrigidity of Tp‘Mo(CO) (n?-allyl) complexes was studied by 
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ММЕ.!7 Complexes of the type Tp*Mo(CO);NO and Tp*Mo(CO),N=NAr, were also 
synthesized.!? Alkylation of [TpMo(CO);] yielded products,'® later shown to be the 
n?-acyls TpMo(CO);(n?-COR), and not Mo-alkyls TpMo(CO);R.°7 


Even at that early stage, it was noted that some reactions with the more 
hindered Tp* ligand proceeded anomalously. For instance, the reaction of diazonium 
salts with [Tp*Mo(CO)3]° gave, instead of the expected diazo compounds 
Tp*Mo(CO);N-NAr, as was the case with Tp,'? the n?-acyls, Tp*Mo(CO),(n?- 
СОАг).20 


Heteroscorpionates of the types R;Bp апа Bp®? were found to form 
nominally 16-electron complexes of the type LMo(CO);(n?-allyl),?! ?? and the first 
instance of an agostic B—H—M bond was structurally established for 
Bp*Mo(CO);(n?-allyl).?? In the case of E;BpMo(CO);(n?-allyl), it was proposed on 
the basis of IR and NMR spectra that an interaction between the methylene 
hydrogens of the pseudoaxial ethyl group and the metal is taking place.?!?? This was 
later confirmed by Cotton,?^ who established in detail the dynamic processes for the 
R;BpMo(CO);(n?-allyl) systems,?5 and who also found that the only truly 16-е 
complexes of this type were those of Ph;Bp.?$ 


By far, the largest amount of work with the Tp and Tp* ligands was done 
with Mo and W, starting with their easily prepared, and versatile intermediates 
[Tp*M(CO),]. McCleverty investigated mono- and polynuclear complexes of the 
type Tp*Mo(NO)(X)(Y) establishing a vast sub-area of homoscorpionate 
chemistry." Angelici explored the related Tp*W(CO) -based thiocarbenes and 
thiocarbynes,?929 and Lalor discovered an easy route to the carbyne 
Tp*Mo(CO);CCI, a convenient starting material for many derivatives.403! 


While work with the Tp and Tp* ligands continued, the second generation 
ligands, Tp®, where R was a bulky substituent (Bu', aryl), were introduced in 
1986.23 They were capable of exerting considerable steric control over the immediate 
surroundings of the coordinated metal. These features initiated the second growth 
phase of scorpionate coordination chemistry, and led to many unique and unusual 
complexes. Among the numerous interesting contributions during this phase were 
those of Parkin, who prepared stable monomeric Tp'?MR complexes for M = Be, 
Mg and Zn,?™4 Theopold, who investigated oxygen activation in cobalt complexes 
of Tp'8".Me and TpiPsMe 3536 Tolman, who prepared Tp'P"CuNO (the first 
mononuclear CuNO complex) and Tp'P"CuNO;,73* Vahrenkamp, who used 
Tp'BuMe and TpC¥™-Me ligands to explore biorelevant zinc chemistry,??49 Takats, 
who synthesized homoleptic and heteroleptic lanthanide complexes of Tp'®4-Me,41.42 
Kitajima, who studied mono- and dinuclear complexes (mostly of copper) based on 
the Tp’??? ligand,*3-45 and Reger, who prepared numerous interesting main-group 
complexes, including Tp'?"CdH.*6 Extensive work employing the "first generation" 
Tp and Tp* ligands was done by Etienne, who investigated mainly niobium 
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chemistry,!7 and Templeton, who made important contributions to the area of 
tungsten carbenes and carbynes.*55! 


At present, novel scorpionate ligands keep appearing with ever greater 
frequency, their number as of the latest count surpassing 170, and this trend 
continues. 


1.6 Reviews 


Twenty three reviews and chapters dealing with scorpionates were published up to the 
end of 1998. Some were devoted to this subject in their entirety, others included a 
significant component of Tp-based complexes within unrelated specialized subjects, 
and still others were devoted to specialized sub-areas of Tp chemistry. 


The first review by Trofimenko in 1971 covered the earliest developments,*? 
while the next one was on pyrazole-derived ligands, and contained 
polypyrazolylborates as a separate category.5? Tp ligands were also included by 
Niedenzu and Trofimenko in 1975 among the boron-pyrazole compounds described in 
Gmelin's handbook, and in a 1986 review.55 Shaver contributed a chapter on Tp 
chemistry in 1977.56 McCleverty presented an overview of his work on alkoxy, 
amido, hydrazido and related derivatives of the structure Tp*M(NO)(A)(B), for M = 
Mo and №.5? Trofimenko wrote reviews on Tp ligands in 1986,58 and in 1993,8 the 
latter covering the 1984-1993 period. Niedenzu reviewed the pyrazaboles (R;B(u- 
pz);BR; systems) іп 1988,5? while in 1992 Canty wrote, in part, about the Tp 
chemistry of Pd and Pt. In 1993 Parkin discussed Tp-derived models for carbonic 
anhydrase.! Kitajima and Moro-oka included many Tp-based compounds in their 
1994 review on copper-dioxygen complexes.6? 


Three reviews appeared in 1995: Santos and Marques covered the Tp- 
chemistry of lanthanides and actinides, Parkin wrote about metal alkyls, hydrides, 
and hydroxides, derived from hindered Tp* ligands, while Kitajima and Tolman 
reviewed the organometallic and bioinorganic chemistry of hindered Tp* ligands.® In 
1996, Etienne dealt with the Tp chemistry of V, Nb and Ta,47 while the review of 
Reger was devoted to the Tp* complexes of Ga and In,® and Parkin discussed the 
effect of Tp*-ligation on Grignard reagents.” In 1997, Young and Wedd mentioned a 
number of Tp*-based Mo and W pterin enzyme тойе1ѕ,6 Theopold and coworkers 
reviewed dioxygen activation with sterically hindered Tp* cobalt complexes, and 
Janiak included many data on TITp* complexes in a review of TI! and ТІП 
chemistry.”° He followed it up with a 1998 review of Tp*TI compounds, including 
their synthesis, structures, and applications.?! The use of the scorpionate moiety 
[Tp*Mo(NO)(CI)]' to form a variety of bridged structures linked by aromatic and 
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conjugated systems, as a way of controlling the electronic and magnetic properties of 
the resulting polynuclear complexes, has been reviewed by McCleverty and Ward.7? 
The latest review by Kirchner was concerned with the coordination chemistry and 
some applications of ruthenium homoscorpionate complexes, mostly with the parent 
homoscorpionate ligands, but also including a few of the more substituted ones.” No 
reviews have been published in early 1999. 


1.7 Synthesis of Scorpionate Ligands 


Scorpionate ligands may be prepared from a variety of boron sources, including boron 
trihalides, boron hydrides, alkyl- or arylboronic acids, their esters, halides, tosylates, 
etc, 


RaBX3.n + [pz*] + (2-n)[Hpz*] > [RyB(pz*)q.n)° + (2-n) HX + X- (1.1) 


It is important when generating the R;B(pz*) species, that there be sufficient 
pyrazolate ion, (pz), present to convert it quickly to [R;B(pz*);], otherwise the 1,3- 
dipole R;B(pz*) will dimerize to the stable pyrazabole R;B(J-pz*);BR, and 
scorpionate ligands will not be obtained. 


2 RjB(pz) —>  R;B(u-pz?;BR; (1.2) 


R,B(pz) + (pg) - [RjB(pz);] (.3) 


The most general and convenient route to scorpionate ligands is through the 
borohydride ion, [ВНІ]. This reaction can be controlled to yield bis-, tris-, and in the 
case of 5-unsubstituted pyrazoles, tetrakis(pyrazolyl)borates: 


[BH4] + exces Hp?  — [H,B(p2*)4.n]" + (4-n) Н, т (1.4) 


An almost unlimited variety of 1-H pyrazoles тау be employed to 
synthesize the ligands by this route, with the exception of those containing 
functionalities incompatible with the borohydride ion, such as pyrazole-carboxylic or 
-sulfonic acids, and certain nitropyrazoles. 
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Synthesis of the parent ligands Bp, Tp, and pzTp has been described in 
detail? Procedures for synthesizing specific, diversely substituted scorpionates, are 
given in the references from the table of known scorpionate ligands. In all syntheses 
it is recommended to measure the amount of hydrogen evolved, preferably with a wet- 
test-meter, in order to follow the reaction rate and the extent of its completion. While 
for some specific syntheses, the reader is referred to the original literature, a general 
set of conditions can be applied to prepare ligands from hitherto untried pyrazoles. 


1.7.1 Врх Ligands 


In general, the reaction components, substituted pyrazole and КВН, (NaBH, is 
cheaper, and can also be used, although the K salts are easier to crystallize) in a 
2.3:1.0 mole ratio, are refluxed in anhydrous DMF (about 300 ml per 0.1 mol 
KBH,), with the emanating hydrogen being measured by a wet-test-meter (protected 
by a -80 °C trap), until the theoretical amount has been evolved. When the reaction 
is complete, DMF is distilled out at reduced pressure. The residue is boiled with 
toluene, which should dissolve most of the unreacted pyrazole, and the mixture is 
filtered. The solid, which is crude K(H;B(pz*);] is contaminated by only small 
amounts of Hpz* and is usually suitable for complex formation. Additional 
purification can be achieved by converting the crude K salt to the TI salt (which 
shows no tendency to retain Hpz") by dissolving the K salt in a minimum amount of 
THF (or DMF, if the solubility in THF is too low), and mixing this solution with a 
saturated aqueous solution of a soluble TI! salt (nitrate, sulfate, or acetate, taken in 
small excess). The TI[H;B(pz*);] salt precipitates immediately and can be isolated by 
filtration, or by extraction with methylene chloride, followed by filtration through a 
bed of alumina, and evaporation. The final purification is achieved through 
recrystallization from an aromatic (or in some cases aliphatic) high-boiling solvent. 


1.7.2 Tp* Ligands 


Here, the procedure depends in part on whether the pyrazole is a liquid, or a low- 
melting solid, and also on whether it is 3-monosubstituted, 3,5-disubstituted, or with 
higher degree of substitution. 


is a liqui 'w-melti id. The method of choice is 
a neat reaction of the pyrazole with KBH, in a 4:1 ratio, the extent of the reaction 
being monitored by hydrogen evolution. When the theoretical amount of hydrogen 
has been evolved, the excess pyrazole is distilled out at reduced pressure, keeping the 
temperature as low as possible, in order to prevent the formation of the 
tetrasubstituted pz°Tp* ligand. The residual К(Трх] salt is usually suitable for 
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complex formation, or it can be converted to the TI(I) salt, and purified further by 
recrystallization. 


b. The pyrazole is 3-substituted and high-melting. The preferred method 
here is to reflux with rapid stirring the ingredients (in a 3.5:1 ratio of the pyrazole to 
KBH; ) in 3- or 4-methylanisole, using 400 ml of solvent per 0.1 mol of КВН. 
Anisole can also be used, but methylanisole is higher boiling, and the reaction 
proceeds faster. When the theoretical amount of hydrogen has evolved, which in some 
instances may take up to several days, the product may be in solution, or it may have 
precipitated. 


If it has precipitated, the mixture is filtered hot, and the solid is washed with 
a small amount of hot methylanisole. After drying, it usually is very pure KTp*. The 
filtrate is distilled at reduced pressure to recover the solvent, which may be reused. If 
the yield of KTp* is high, the residue can be hydrolyzed to recover Hpz*. If the yield 
of KTp* is low, and much of the ligand still remains in solution, the filtrate is 
stripped, and the residue is dissolved in a minimum amount of THF or DMF, and 
converted to the TI salt as described above and extracted with methylene chloride. The 
extracts are filtered through a short layer of alumina, stripped, and stirred with 
methanol in which Hpz* (but not Tp*TI) is usually soluble. After filtration of the 
mixture, and thorough washing with methanol, Tp*TI of good purity is obtained. 


Occasionally, after completion of the reaction, there are still a few particles 
of KBH, present, and they can be removed by decantation of the solution, or by 
filtration. Also, the TI salt is sometimes not totally extracted with methylene 
chloride, and is present as a white solid in the organic layer. The organic layer is then 
filtered, to recover the TI salt of high purity, and the filtrate is processed, as indicated 
above. 


If the theoretical amount of hydrogen has evolved, and the solution remains 
clear, then the solvent is distilled out under vacuum, at oil-bath temerature not above 
160-170 °C, to prevent formation of the [pz°Tp*]" ligand, and the residue is converted 
to the TI salt, as described above. 


с. The pyrazole is 3,5-disubstituted. In this case the melt method is 
preferred, since tetrasubstitution does not take place, and higher temperatures can be 
safely employed. However, one has to be careful, since at times the solubility of the 
K salt in the melt is low, and it may precipitate partway through the reaction, with 
the possibility of hot-spotting, and decomposition. To prevent this, one uses a large 
excess of Hpz* (6-8 :1 mole ratio of Hpz* to КВН). More Hpz* can actually be added 
when KTp* starts precipitating midway through the reaction, until again a clear melt 
is obtained. After completion of the reaction, the solidified residue is broken up, and 
excess Hpz* is sublimed out. The unsublimed residue is crushed and resublimed, until 
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no further sublimation of Hpz* is noted. The crude KTp* is then converted to TITp* 
in the usual way. 


1453 pz?Tp* Ligands 


These ligands, which are limited to 5-unsubstituted pyrazoles, are prepared by the 
reaction of Hpz* with KBH, in a 5-6:1 mol ratio. No solvent is used, and the reaction 
can proceed at high temperatures, adjusted for the controlled evolution of hydrogen in 
the early stages (which may be rather vigorous), and raised as necessary, since 
evolution of the fourth equivalent of hydrogen is quite slow. After completion of the 
reaction, excess Hpz" is either distilled off, or sublimed in vacuo, and the residue can 
be used for complex formation directly, or it can be converted to the TI salt first. 
Presence of the fourth pz* group makes Tl[pz?Tp"] salts more soluble in methanol 
than TITp*, and care should be exercised to avoid excessive solubility losses at this 
stage. 

Caution: An attempt to prepare р2°Тр!?'48' by this method resulted in 
violent decomposition, accompanied by HBr evolution (even though Tp/Pr4Br was 
prepared without problems),5 and the melt method should not be used for the 
preparation of р2°ТрЁ4В' ligands. 


1.7.4 Ligands Containing C—B Bonds 
1.7.4.1 R,Bp* ligands 


In general, such ligands are prepared from precursors already containing the C—B 
bond, such as trialkylboranes, triarylboranes, or the tetraphenylborate ion. A typical 
reaction of an КзВ or АгзВ species with pyrazole has to be preceded by the formation 
of an anionic species [R3Bpz^] , through the reaction of R3B with a pyrazolate ion, 
[pz*]. The К groups in [R3Bpz*] сап be replaced by pz* groups upon reaction with 
excess pyrazole. In the absence of pyrazolate ion, pyrazole reacts with the RB 
species yielding exclusively the pyrazaboles, R;B(J-pz*);BR», which are not readily 
convertible to scorpionate ligands. 


RB + [р] э [RjB(pz)E (1.5) 
[R3B(p2)} + Hpz* — [R,B(pz*),) + ЕНТ (1.6) 


With pyrazole itself, this reaction stops at the disubstitution stage. With high- 
boiling substituted pyrazoles, it can be driven one step further: 


[R;B(pz?);] + Hpz* —  [RB(pz)]] + КНТ (1.7) 
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As with the KBH, reaction, the pyrazole 3(5)-substituent ends up in the 3-position. 
One can also start with a tetraalkyl- or tetraarylborate salt, such as the commercially 
available Na[Ph4B], in which case only pyrazole needs to be used. 


[RB] + 2 Нр э  [Rj,B(pz);] + 2 ЕНТ (1.8) 


A rather convenient route to [Ph;B(pz");] ligands starts with the very stable 
Ph3BNH; complex, which upon treatment with one equivalent of a pyrazolate salt 
and excess pyrazole eliminates ammonia and one equivalent of benzene to yield 
[Ph;B(pz)]. 


PhBNH; + [pz] + Hpz* — [Ph;B(pz);] + NH, T + PhH Т (1.9) 
1.7.4.2 RB(pz") ligands 
The synthesis of [RB(pz*)]- ligands, where R is alkyl or aryl, is possible by a 
number of routes. One of them involves the reaction of RBX; or ArBX, (where X 
is a halogen, or a leaving group such as tosylate) with the pyrazolate ion plus excess 
pyrazole: 


КВХ› + 3 [pz] - [RB(pz)j + 2X" (1.10) 


The necessary aromatic boron precursors can be obtained by the borylation of 
aromatics (including ferrocene) with BX;.!!:75 


Another route utilizes the reaction of alkyl- or arylboronic acids with the 
pyrazolate ion and excess pyrazole.!!:76 


RB(OH) [pz] *2Hpz —› [RB(pz*);}) +2 H,0 ал) 


The various boronic acids сап be prepared through hydrolysis of their esters, 
RB(OR) , obtainable from boric esters, B(OR),, via their reaction with alkyl- or 
aryllithium. A variant of the above method consists of direct reaction of the RB(OR); 
ester with pyrazolide ion and pyrazole.7 


RB(OR) + [pz] + 2Hpz —  [RB(pz)] + 2 КОН (1.12) 


A still different route employs КВН, (such as the commercially available 
MeS(CH))3BHz) in the reaction with pyrazolate ion plus excess pyrazole.7* 
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КВН, + [pz] + 2 Hpz* — [RB(pz)] + 297 (1.13) 


In each instance one can either convert the crude ligand directly to metal 
complexes, or isolate and purify it first as the TI! salt, [RB(pz*)3]TI. 


1.8 List of Known Scorpionate Ligands 


The known Tp*, pz°Tp* and Врх ligands, and references to their synthesis, are listed 
in Table 1, below. If more than one synthesis has been reported, the two that seem 
the most convenient are cited. In some instances the details of ligand synthesis have 
not been fully disclosed. 


Table 1 

Scorpionate Ligand Comments. References 
Unsubstituted 

1 Tp 9, 74 
1 pzTp 9, 74 
3-Monosubstituted 

3 TpMe 79 

4 рг°трМе 79 

5 Tp 5 

6 р2°Трі?' 5 

7 Tp'?" 3 

8 pz?Tp!Bu 3 

9 Tp"? and TpNP* Np = neopentyl 80 
10 Тро" Cpr = cyclopropyl 81 

11 pz?TpCPr 82 
12 Tp Cbu = cyclobutyl 83 

13 pz Tpceu 83 
14 тре” Сре = cyclopentyl 83 

15 р2°ТрСре 83 
16 ТрсУ Су = cyclohexyl 84 
17 рг°Трсу 1254 
18 Tp? Ph = phenyl 3 

19 тр obtained via Тр?" rearrangement 85 
20 Трто! Tol = p-tolyl 86, 470 
21 рг°Трто! 470 


22 түз Ап = p-anisyl 86 
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Table 1 (Continued) 

Scorpionate Ligand Comments References 
23 трол" 87, 88 
24 TpPhosMe) 1560 
25 Tp^" Ant = 9-anthryl 89 

26 тр Еп = 2-furyl 90 

27 Tp™ Tn = 2-thienyl 91 

28 Tp? Py = pyridyl 92 

29 тр2Ру6Ме 1433 
30 тр? PhF = 4-fluorophenyl 90 

31 Tp9N Nt = naphthyl 92 

32 TpPNr 92 

33 TpMs Ms = mesityl 93 

34 TpMs* 93 

35 TpC'; 94, 95 
36 TpC2Fs 96 

37 Teor 96 

38 Ттрїїр Trip = triptycyl 97 

39 TpMenth = HB((R)iPr-A(R)Me-4,5,6,7-tetrahydroindazolyl); 98 

40 TpMenthe 98 

4l TpMemen^ = HB(7(S)tBu-4(R)Me-4,5,6,7-tetrahydroindazolyl), 98 

42 Тр©Нг; 83 

43 TpCONCH24 83 

44 Tp?4(0Me)?h 83 
4-Monosubstituted 

45 TpiMe 99 

46 тре? 11 

47 p^ 83 

48 тр 11 

49 no 100 
50 трен 83 
5-Monosubstituted 

No examples of Тр“ ligands are known. 

3,4-Disubstituted 

51 трїРг4вг 5 

52 тр'Вч.4Вг 83 
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Table 1 (Continued) 

Scorpionate Ligand Comments References 

53 ТтрСу.4Вг 83 

54 TpBasPh Bn = benzyl 83 

55 Tp3Bo.7Me 101 

56 Tp(3Bo7tBu) 102 

57 Tp(Bo.7tBu)* 102 

58 Tp” = [HBQH-benz[g]indazol-2-y1),] 103 

59 TpiPrátBu 83 

60 Tph4& 83 

61 Tp* Тр", -CH;CH;-linking 4 and phenyl ortho 104 

62 Tp* Тр?" with -CH;-linking 4 and phenyl ortho 104 

63 Tp@+(CH)n) and Tp94CH29* where n = 3, 4, 6 or 10 83 
-Disubstituted 

64 TpM?- Tp* 11 

65 pz°Tp* Known only as the free acid, [pz?Tp*]H 105 

66 TpF? 11 

67 Tpi? 107 

68 IT pisos 108 

69 Tp(CF32 116, 117 

70 тр? 107 

7] Tp8aMe Bn= benzyl 83 

72 TpiPrMe 106 

73 Tp'BuMe 86 

74 Tp'BuiPr 92 

75 Tp!BuTa Tn = 2-thienyl 83 

16 TpP^Me 104 

77 Трте:ме 109 

78 TpcomMe Cum = ситу! (4-isopropylphenyl) 110 

79 Tp Ph Ms 111, 1538 

80 тром 112 

81 Tp?PicMe Pic = picolyl 112 

82 Tp(P-tBuPh)2 113 

83 Трем 114 

$4 Троа 115 

85 тр ligand synthesis not reported 1564 

86 тре ligand synthesis not reported 1564 
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Table 1 (Continued) 


Scorpionate Ligand Comments References 
4,5-Di: i idazolylborates: numbering follows indazole systei 

87 pio 118 
88 pz? TpBo 119 
ВӘ TpiBosMe 101 
90 Tyres 101 
91 Tp4Bo.5tbu 101 
92 Tp4Bo.sPh 101 
93 Tp4Bo2.6Me; 101 
94 Tp4BoSNH; 1382 
95 Tp?Bo.5NO? , pz?Tp8Bo.5NO? and 6-NO, analogs 1380, 1563 
Trisubsti 

96 Tp*Me = TpMe3 11 
97 Tp 1384 
98 Tp*Bu 11 
99 Tp*^n Am - amyl 1384 
100 Тра 114, 120 
10] Тр*8' 979 
102 Трв? 83 
103 Tp*B» Bn - benzyl 121 
104 TpiP2Br 122 
105 TpPh^Me.Ph 123 
106 TpiBo3Me 101 
107 Трг*3Ме = hydrotris(3-methyl-benz[g]indazol-2-yl)borate 101 
108 Tpía*3Mo* 101 
109 Трам  TpP^Me.CH;CH;»-linking 4 and phenyl ortho 104 
B-Substituted 

110 EtTp Known only as (ће [(EtTp)BEt]* cation 124 
1] — iPrTp 76 
112 BuTp 11 
13 MeS(CH;Tp 78 
114 MeS(CH3)3Tp® 83 
115 PhTp 11 
116 PhTp'®" 1215 
117 C.DsTp 125 


118 TolTp mixture of m- and p-isomers 126 
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Table 1 (Continued) 


Scorpionate Ligand Comments References 
119 p-BrPhTp 127 
120 FeTp (Fe = ferrocenyl) 128 
121 FcTp™Me 1217 
122  FcTp™ 1217 
123 Fe(Tp™*), 1217 
124 Fe(Tp™), 1217 
125 — Me,NTp 129, 130 
126 MeTpMe 77 
127 Tp-Tp = [(pz)5B-B(pz)s] 131 
128 трме-Трме = [(pzV*)B-B(pzM*),]?- 1219 
129 TpPy-Tp?y = [(p2?¥);B-B(pz?¥)3]* 1219 
le nate: 
130 Bp 9 
131 Bp™e? = Bp* 11 
132 Врм 132 
133 Врт" 3 
134 Bp™p 97 
135 — BpFe 133 
136 Bp(CF3)2 134 
137 Bp®s 83 
138 Врв 141 
139 BpBo.5NO? 142 
140 Bp*Bo.5NH2 1382 
141 Me;Bp 135 
142 EGBp. 11 
143 Et BpF* 133 
144 Рг,Вр 1456 
145 ВиВр 11 
146 Ph,Bp 136 
147 (Me)(Ph)BpMe 77 
148 (BBN)Bp BBN = (cyclooctane-1,5-diyl) 137 
149 — (BBN)BpM* 138 
150 (BBN)Bp^ known only as the free acid 1463 
151 (BBN)BpP^Me known only as the free acid 1463 
152 (BBN)Bp* known only as the free acid 1463 
153 (BBN)Bp™ 133 


154 ChBp 1422 
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Table 1 (Continued) 

Scorpionate Ligand Comments References 
155 BrBp 1422 

156 I,Bp 1422 

157 Е,Вр* 11 

158 (p-TolS)Bp* 139 

159 — (MeBnS)Bp MeBn = p-MeCeH4CH;- 140 

160 Bp2#(OMe)2Ph 83 

161 [H;B(pzY(pz*)] 143 

162  HB(pzy(pz»?) 144 

163 HjB(pz*)(pz'P?) 144 

164 H3B(pzT'iP)(pztBu2) Trip = triptycyl 144 

165 (MeO)Bp!P» 145,1088 
166 (EtO)Bp'P» 145,1088 
167 (РгО)Вр'В“ 145,1088 
168 Bp'BuiPr 146 

169 (MeO)Bp!PriPr 146 

170 CpBp* only in complex (CpBp*)SmTp* 1470 

171 Bp» 147 

172 (pz*)Bp 825 

173 (pz)Bp* 825 

174 (р2*С“)Вр 52 

175 (MeO)Bp* ligand itself not isolated 1565 

176 (BtO)Bp* ligand itself not isolated 1565 

177 (MeO);Bp ligand itself not isolated 1565 

178 (EtO);Bp ligand itself not isolated 1565 
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In addition to placing regiospecifically various substituents on carbon and/or boron in 
scorpionate ligands, one can also modify them in two more fundamental ways: 


a. through replacement of pyrazole with another heterocycle or donor 
system, which would retain the uninegativity of the ligand, and form chelate rings of 


comparable size. 


b. through replacement of boron with another element.This could 


either retain, or change the charge of the ligand. 
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1.9.4 Replacement of Pyrazole 


The first example of forming a Tp analog based on 1,2,4-triazole, and its conversion 
to the water soluble [HB(1,2,4-triazol-1-yl)];Co, was reported in 1967,9 and little 
happened thereafter,'48 until in 1993 Janiak embarked upon a systematic study of 
polytriazolyl- and polytetrazolylborates, and found them leading to many extended 
structures, due to the additional coordinating nitrogen atoms.!4?:!5$ Other reports 
have also appeared.!5? Several poly(benzotriazolyl)borates were also described, 60-163 
as was the [HB(3,5-Me;-1,2,4-triazolyl)] ligand,!6*!65 and the ligand [Me;B(2- 
pyridyl);] 6 


Hydrotris(methimazolyl)borate was also a related S-bonding ligand and, 
since the boron-to-metal bridge was triatomic, it formed eight-membered B(N-C-S); 
rings.!67 On the other hand, six-membered B(C-S);M rings were formed by ligands of 
the type [R B(CHSR')4.n]", where n was 0, 1 or 2.168169 


1.9.2 Replacement of Boron 


1.9.2.1 Aluminum and Indium 


The ligands [Me2AI(pz)2]", [Al(pz)4] and [Me;In(pz);]: were prepared, but no metal 
complexes could be obtained from them.!35 


1.9.2.2 Gallium 


Storr studied polypyrazolylgallates, which were homo- and heteroscorpionate analogs 
containing gallium instead of boron. Ligands R;Ga(pz"); were prepared with К = Me, 
and pz* = pz or pz*. 79-15 The higher reactivity of the Ga—H bond compared with 
B—H, made it impossible to obtain complexes with Ga—H bonds, and the greater 
Ga—N bond length (1.99 À vs. 1.56 À for B-N) altered the ligand bite, and limited 
the number of scorpionate analogs that could be synthesized. [RGa(pz")]" ligands 
were also prepared, and converted to a number of complexes, resembling those of Tp 
ligands (e.g. LMn(CO)3, LNi(NO), LMo(CO);(n?-allyl), and others) but they were 
somewhat less stable.79136 Over-all, replacement of B with Ga involved more 
difficult syntheses, and reduced the versatility of the resulting ligand system. 


1.9.2.3 Carbon 


It was demonstrated in 1970 that geminal polypyrazolylalkanes, R;C(pz*) and 
HC(pz*); yielded the same types of complexes as R;Bp* and Tp* ligands, differing 
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only by having a charge higher by one unit per ligand.!5? Some possible benefits of 
these ligands : one can construct complexes of easily reducible metal ions such as 
silver(I) or palladium(II), unobtainable with Bp ligands. Also, sometimes it may be 
beneficial to have a cationic [L;M]?* complex (e.g. for solubility in water). 
Moreover, unlike in the boron-based ligand system, N,N,O ligands such as 
RC(pz*)2(OR) can be easily prepared, although they have not yet been exploited іп 
coordination chemistry. 188 


Most of the work in this area was done with the R;C(pz*) ligands, 185-258 
to a lesser extent with HC(pz); or HC(pz*),.259297. 1549-1552 Only quite recently has 
the synthesis of HC(pz*); ligands with bulky 3-substituents, and their coordination 
chemistry, been reported.295-30! 


1.9.2.4 Silicon 


The ligand MeSi(pz*), was synthesized and its structure was determined by X-ray 
crystallography, but no complexes based on it have been prepared.*°? However, an 
attempt to use this ligand for the preparation of copper complexes in DMF resulted 
in an unexpected isolation of a copper compound containing the new ligand, 
HC(pz*);NMe;, arising from a reaction of MeSi(pz*); with DMF.!548 


1.9.25 Other elements 


In the above scorpionate analogs the core atom was in a tetrahedral environment. In 
principle, any geminal polypyrazolyl species could be considered as a scorpionate 
analog, if its geometry permitted chelation of metal ions. Simple examples would be 
[E(pz)3] species with E = Ge and Sn, which are tridentate, but of variable 
coordination, geometry.?0>304 More complicated ones are exemplified by 
[(ArH)M(pz);] and ((ArH)M(CI)(pz);], both of which formed bimetallic heteroleptic 
complexes exemplified by LCoTp/P45r305 Related to them was the N,N,O-bonding 
heteroscorpionate ligand [n$-CeMes)Ru(pz);(PO(OMe);)]-.96 The somewhat simpler 
[O-P(pz*)X(O) ligand was also N,N,O-bonding.??? 
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Chapter 2 


Homoscorpionates — First 
Generation 


2.1 General Considerations 


This chapter deals with "first generation" homoscorpionate ligands and, more 
precisely, with the three ligands Tp, pzTp and Tp* (although in the first papers other 
ligands were also reported), while the ligand Bp will be covered, along with other 
heteroscorpionates, in Chapter 4. These three ligands have been used most 
extensively over the years, and despite the introduction of their more sophisticated 
"second generation" analogs, they are still widely employed. The reason for this 
popularity is the ease of their synthesis from readily available and inexpensive 
starting materials: pyrazole, or 3,5-dimethylpyrazole, and a borohydride salt. In the 
case of pyrazole, the reaction can be controlled to produce either Tp or pzTp, by 
controlling the reaction temperature, and using excess pyrazole. 


3Hpz +[ВН]` — [HB(pz] + 3H; (2.1) 
Hpz + [HB(pz;s] — [B(pz)s} + Н, T (2.2) 
The ligand Tp* is prepared similarly: 


3 H(3,5Mepz) + [BH]; — [HB(3,5Meypz);] + 3H; T (2.3) 


In contrast to pyrazole, borohydride reaction with 3,5-dimethylpyrazole stops at the 
Tp* stage, and does not proceed to pz°Tp*. The ligand pz?Tp* has been obtained 
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only once, accidentally, as the free acid H[pz°Tp*] from the reaction of KTp* with 
Cp;TaCl,.!05 


Complexes of the ligands Tp. pzTp and Tp* will be discussed in this 
chapter according to the coordinated cationic species (metal or non-metal), following 
the Periodic Table. The ligands Tp and Tp* coordinate usually in tridentate fashion, 
forming octahedral full sandwich complexes [Tp*]2M, while their tetrahedral 
complexes, [Tp*]MX are labile and self-convert to the full sandwiches. The only 
Tp*MX species isolated, were the unstable Cl-bridged dimers, [TpMCI]; (М = Cu 
and Co), of which the Cu complex was structurally сһагасіегігей.208 


While being generally tridentate, the Tp, pzTp and Tp* ligands can also act 
in bidentate fashion. This happens in complexes such as TpPd(n?-allyl),3°? or 
Tp2Pd,3!° where the ligand is bidentate in the crystal, but all the pyrazolyl groups 
exchange rapidly in solution, so that only one type of pyrazolyl group is observed in 
the NMR spectrum. The ligand pzTp can also act in bis-bidentate fashion: the 
isolated complex pzTpPd(n/-allyl) is still a neutral bidentate ligand,^ and can form 
the binuclear cation [(112-аПу)Ра(џ-рг);В(р-рг)Ра(т?-апу1)]". 2!" 


2.0 Group 1: H, Li, Na, K, Rb and Cs 
221 H 


Although the scorpionate ligands can be hydrolyzed under acid conditions to the 
corresponding pyrazoles and boric acid, their complexes with a proton, the "free 
acids" H[Tp*], can be obtained by careful acidification of the anions [Tp*]-. They are 
reasonably stable solids, containing a chelated proton and they also may contain a 
variable number of associated water molecules. Upon heating, they lose pyrazole, and 
are converted to the corresponding pyrazaboles. For instance, 


2 H[HB(pz,] — (pz)HB(-pz),BH(pz) + 2Hpz T (2.4) 


The structures of the free acids resemble those of their alkali metal salts,?!? and they 
are capable of forming directly complexes derived from their anions. For instance, 
TpTcCl,0 and TpReO; have been synthesized under strongly acid conditions without 
destruction of the ligand.?!3314 In addition, a triprotonated cation of a second 
generation ligand [Tp'®"H,Cl]*, containing a chloride ion coordinated to three NH 
protons, has been isolated and structurally characterized.3!5 There are also a few 
examples of the free acids themselves coordinating to a metal, with retention of the 
NH bond, as in {{TpH]AuMe,}*, 23, and {[pzTpH]AuMe)}*, 24, in both of which 
the ligands were coordinating in к? fashion. Their NMR spectra indicated fluxional 
behaviour involving five-coordinate intermediates.3!6 
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The free acids were useful in preparing salts of cations which were not 
readily available as borohydride salts (e.g. Cs), or which were unstable under the 
synthesis conditions (e.g. R4N*) through their reaction with the corresponding 
hydroxide.’ 


H[Tp*] + (cation(OH) — (cation)[Tp*] + НО (2.5) 


In a recent study of thermolysis of the free acid TpH it was found that three 
different products can be formed, depending on the decomposition conditions. Simple 
pyrolysis yielded the trans-4,8-dipyrazolylpyrazabole, 25, while thermolysis in the 
presence of ZrCl, produced the cis isomer, cis-4,8-dipyrazolylpyrazabole, 26. 
Finally, heating in the presence of moisture and НСІ gave rise to a molecule, 27, in 
which two 4,8-dipyrazolylpyrazaboles were linked through two oxo bridges, which 
have replaced the original B—H bonds.!5?? 
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2.2.2 Li, Na, К, Rb and Cs 


Homoscorpionate salts of these cations have been prepared by direct synthesis from 
the corresponding borohydrides, or from the free acids Н[Тр*] and a metal hydroxide, 
or [Me4N][OH] as in Eq. 2.5.9 The isomorphous salts NaTp and KTp were 
structurally characterized.*!8 Evidence for the existence of the [KTpo] species was 
obtained from negative ion electrospray mass spectrometry, !5!? while the sodium 
anion, [NaTp;]: was structurally characterized by X-ray crystallography.?!? 


2.3 Group 2: Be, Mg, Ca, Sr, Ba 
2.31 Be 


Complexes of beryllium(II) were prepared from Tp and pzTp. While the latter formed 
a tetrahedral [pzTp];Be complex, the former yielded either Tp;Be, or a trimeric 
species [TpBeOH];, depending on the concentration of the beryllium(II) cation.?2032! 
The analogous trimer based on Tp*, [Tp*BeOH]3, has also been synthesized, and 
structurally characterized.9?? 


232 Mg 


In a study of extracting alkaline earth cations as their known? scorpionate complexes, 
it was found that Tp is an effective extractant for Be?*, Mg? and Ca?*, while pzTp is 
effective only for Be?* and Mg?*.?? The structures of Tp;Mg and [pzTp];Mg were 
found to be octahedral. On the basis of molecular mechanics calculations, X-ray 


2.3 GROUP 2 COMPLEXES 31 


crystallography, and multinuclear NMR it was concluded that the extraction 
selectivity is governed by the stability of Tp*;M complexes, which is controlled by 
steric effects.??? The complex Tp*MgR was found to undergo ligand redistribution, 
forming the structurally characterized octahedral Tp*,Mg.32325 


2.3.3 Ca, Sr, Ba 


Structures of Tp;Ca, Tp*,Ca and Tp*,Sr have been determined, as were those of 
Tp*5Ba. The complex Tp*Bal was synthesized, and converted to Tp*Bal(HMPA)), 
the structure of which was determined by X-ray crystallography, and also to the 
heteroleptic complex Тр*Ва[Вр](ТНЕ),326-328 


2.4 Group 3: Sc, Y (lanthanides and actinides 
are listed separately) 


241 Se 


The only scandium complex reported was the eight-coordinate ScTp;.?? 


242 Y 


Reported yttrium complexes included the homoleptic, eight-coordinate YTp;,?? and 
the ionic, six-coordinate [Tp*; Y J|OTf],??? as well as a large number of heteroleptic 
complexes including those of various aliphatic and aromatic carboxylic mono-, and 
diacids. These complexes were exemplified by: Tp; Y(OOCPh),??! and 
Tp; Y(OOCC,H,-p-Bu^),3?? by the tropolone derivative Tp;Y (tropolonato), 333394 by 
the oxalato complex [(Tp;Y)5(C504)],?55 and also by beta-diketonato species, such as 
Tp; Y(AcAc),936357 Tp; Y (Ph(O)CHC(O)Me) and Tp; Y(Ph(O)CHC(O)Ph).?*? The 
salicylaldehyde derivative Tp;Y(salicylaldehydato) has also been reported.’ The 
structures of complexes Tp; YCI(H;0),?*? Tp; YCI(Hpz),?*! and of the dinuclear, 
seven-coordinate [TpY(U-OAc)4YTp] were established by X-ray crystallography.*4! In 
the structurally characterized [TpY (NCS)(u-OH)], the thiocyanato ligand was found to 
be non-linear.342 The complex Tp*YCL;(THF) was converted to Tp*YR,(THF) 
derivatives (К = Me, But, Ph, CH;SiMe;), by treatment with the appropriate 
carbanions. Such complexes were found to be active catalysts in ethylene 
polymerization.” 
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2.5 Group 4: Ti, Zr, Hf 


2.5. Ti 


The first Ti scorpionate complexes reported were Tp*TiCp;, TpTiCl;Cp, TpTiCp;, 
TpTiCl,(THF), and the cation [Cp;Ti(J-pz);B(p-pz)?TiCp;]*, containing one of the 
few examples of a bis-bidentate pzTp ligand.*“4 Other titanium(IV) complexes, such 
as TpTiCl; and Tp*TiCls, proved to be convenient starting materials for a variety of 
titanium(IV) derivatives through the displacement of chloride ion with various 
nucleophiles.345346. 1559 The complex TpTi(OMe)Me; was prepared in this way,?4? 
as were Tp*TiCl,(LL) species.!55? The reaction of TpTiCl; with hydrazines or with 
organohydrazides yielded hydrazido complexes, which contained a side-on bonded 
hydrazido group.” On the other hand, with Tp*TiCl, one obtained titanium(III) 
complexes, exemplified by Tp*TiCl,(Hpz*), the structure of which was determined 
by X-ray сгуѕ‹аПоргарћу.249 Other, somewhat more complicated species, such as 
Tp* Ti(NBu')CI(4-Bu'py), 28,3535! the two cyclooctatetraenyl complexes 
TpTi(COT) and Тр*Ті(СОТ), 252 and the tetracarbonyl anion [TpTi(CO)4], 29, were 
also reported. 252. 354 


2.5.0 Zr 


Like TiCl,, ZrCl, was readily converted by KTp* ligands to TpZrCl, and 
Tp*ZrCl,,555 although better yields were claimed using Tp*SnClBu; as the Tp* 
transfer agent, instead of KTp*.55$ From these intermediates other complexes, such 
as Tp*Zr(OAr)3,357 Tp*ZrX,(OR);.,,258 Tp*ZrCl,(LL),!559 and Tp*Zr(OBuR, were 
ѕупіћеѕігей. 359.260 Complexes including both, Tp* and Cp ligands, such as 
TpZrCpCL, Tp*ZrCpCl;,*6! and Tp*ZrCp(OAr)>,32:36 were also described. 
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2.5.3 Hf 


The only reported hafnium scorpionate complex was ТрНЕ(Ср)СІ».36 


2.6 Group 5: V, Nb, Ta 


The coordination chemistry of Group 5 scorpionates has been covered in considerable 
detail up to late 1995 in an excellent review by Etienne.*7 


2.61 V 


The first reported examples of scorpionate vanadium species were TpVCl;, TpVCp 
and TpVCl,(THF),*4 as well as the homoleptic compounds Tp;V and [pzTp];V.?6* 
The structure of TpVCI(THF) was determined by X-ray crystallography.65 A useful 
entry into vanadium chemistry was provided by the complexes Tp*VCI;(DMF).396 
The chlorides in them were replaceable by nucleophiles, such as alkoxy groups, 
yielding a number of structurally characterized derivatives: TpVCI,(OPr'), 
TpVCL;(OBu!) and Тр*УСІ(ОВи!).26? The exposure to air of these compounds 
produced the analogous vanadyl species. The complex Tp*VO(AcAc) was obtained 
directly from VO(AcAc); and KTp*, and its structure was determined by X-ray 
crystallography,%8 as was the structure of Tp*VO(PhCOCHCOPh),369:37? of the 
cationic complex [Tp*; V][BPh,],??! of the diphenolate Tp*VO(OC&H,4-p-Br);,??? and 
of the dithiocarbamate Tp*VO(S;CNPr;).??? EPR studies were done on the latter 
compound,??^ and also on [Tp*VO(Hpz*)](O;C-R-CO;).?/5 The electronic structure 
of [TpVO] B-diketonates and dithiocarbamates was investigated.?76377 Imido 
derivatives of the Tp*V core were synthesized,378 and the r-butylimido complex 
Tp*V(=NBu')Cl, was readily converted to the mercapto species Tp*V(ZNBu')(SR);, 
30379 Related complexes were found to polymerize ethylene and propylene in the 
presence of aluminoxane.38° 
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In addition to the above mononuclear vanadium complexes, many 
polynuclear species were investigated, such as the binuclear complex [(TpV)2(H-O)(H- 
OAc)9],38! and the structures of its protonated and unprotonated analogs, of the 
antiferromagnetic [(TpV)(M-OH)(H-O,CEt)9], 31, and also of the ferromagnetic 
{(TpV)2(H-O)(-OAc)2] were determined.?8? The complex [(Tp*VO)»(malonate)], 
which was structurally characterized, along with Tp*VOCI(Hpz*) and 
Tp*VO(O;CPh)(Hpz*), contained a six-membered chelate ring between malonate ion 
to one vanadium, and a single oxygen bond to the other vanadium.?*? The ferrocenyl 
derivative Tp*VO(Hpz*)(O;CFc) was synthesized, studied by cyclic voltammetry, 
and its structure was determined by X-ray crystallography.?5* 


Numerous mononuclear and dinuclear vanadium(IV) complexes bridged with 
various phosphinate, phosphite, and similar anions were synthesized, and structurally 
characterized. These complexes are exemplified by [ТрУО(и-(РҺО)›РО,)]›, 
[Тр*УО(и-(РҺО)›РО›)]›,%5 ((TpVO);(u-(Ph);PO)], [(TpVO)2(H-(Ph)HPO)], 
[(TpVO);(u-OH5)], [(TpVO);(u-OAc)(u-OH)],?56 the tetranuclear Tp,V 4(u- 
ArOPO})q,287 (TpVClI(u-(PhO);PO;)];, [TpVCl(u-(Ph);PO;)];, (TpVCl(u- 
(Ph)HPO;)]; [Tp V[(PhO);POS])(DMF), [TpV[(PhO) PO ](H20),38* the cyclic 
tetramer [TpVOp]4,*6” and two complex trinuclear species, capped at each end with 
Tp ligands, and bridged (о the central vanadium(III) by diphenyl phosphate апіопѕ.289 
Several dinuclear complexes containing (TpV] moieties bridged by one oxo and one 
carboxylato or phosphonato bridge were synthesized and structurally characterized. 
Their UV-visible, resonance Raman, paramagnetic NMR, and magnetic susceptibility 
properties were found to be dependent on the V—O—V angle.399 


2.6.2 М 


The first niobium scorpionate complexes reported were TpNbO(OMe);, TpNbCl,, 
the dimer [TpNbCl;],, and the salts K[TpNbCls] and K[TpNbClj].29!392 
Tp*NbCI, was obtained from NbCI; and KTp*, as was Tp*NbCl(pz*),,'95 and 
Tp*NbCI; was obtained from Tp*SnClBu; and NbCl4(THF) .35° The synthesis of 
Tp*NbOCI;, Tp*NbSCI; and Tp*Nb(=NBu')Cl, was also reported.378 A cluster of 
the composition Nb;BO; was capped at each Nb with a Tp ligand,3% and structurally 
characterized, as was the tetranuclear complex [TpNb(=O)O],.3% The complexes 
Tp*Nb(O)(Cl)(OR) (К = Me, Et) could be hydrolyzed to [Tp*Nb(O)(Cl)],0, and were 
converted by PCl; to Tp*Nb(O)Cl,, from which Tp*Nb(O)(HNSiMes), was 
prepared. The structures of [Tp*Nb(O)(CD];O and Tp*Nb(O)(HNSiMe;); were 
determined by X-ray crystallography.595 
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Much interesting chemistry evolved from niobium alkyne complexes 
exemplified by Tp*NbCl,(PhC=CR) and Tp*NbCI,(MeC=CMe),2% and their 
analogs derived from Tp, which included also TpNbCI,(Me3SiC=CSiMe;).39” The 
structures of TpNbCI,(PhC=CMe) and of TpCpNbCl(PhC=CMe) were determined 
by X-ray crystallography, and their ground state geometries were probed by extended 
Hückel calculations. Alkyl groups on the coordinated acetylenes could be 
deprotonated next to the acetylenic bond, and alkylated. In this fashion 
TpNbCl,(PhC=CCR'HMe) was obtained from the precursor TpNbCI;(PhCeCEt).?9* 
The ethyl derivatives Tp*NbCI(Et)(PhC=CR) have shown a-agostic, rather than B- 
agostic C—H—Nb interaction.’ Complexes of the type Tp*NbCI(R')(PhC=CR) 
underwent thermal metathesis of the Nb-bonded and alkyne-bound alkyl groups.* А 
high-yield one-pot synthesis of Tp*NbCl,(alkyne) complexes, and their conversion to 
dimethyl or dibenzyl derivatives, Tp*NbR',(alkyne), has been described. However, 
the reaction with two equivalents of EtMgCl led to a niobacycle, characterized by 
NMR.“°! The propensity for niobacycle formation was a recurring theme in this 
chemistry. For instance, the reaction of Tp*NbMe(OMe)(PhC=CR), which was 
obtained from Tp*NbCl(OMe)(PhC=CR) and MeLi, with carbon monoxide produced 
the niobacycle 32.40? The structurally characterized metallacycle 33 was obtained 
from the reaction of Tp*NbCl,(PhC=CR) with one equivalent of allyl Grignard 
reagent.‘ Still another niobacycle, 34 was readily formed upon the addition of 
HBF, to Tp*Nb(CO)(RCN)(PhC=CMe), which was produced by CO displacement 
from Tp*Nb(CO),(PhC=CMe) by RCN.49 


32 33 34 


Dicarbonyl complexes, Tp*Nb(CO),(alkyne), were obtained via sodium 
amalgam reduction of Tp*NbCl,(alkyne). They reacted with other alkynes undergoing 
replacement of one CO and formation of Tp*Nb(CO)(alkyne')(alkyne).4°5 A detailed 
kinetic study of the reversible migratory insertion/B-alkyl elimination in -agostic 
alkylniobium alkyne complexes was carried out, showing that alkyl migration is the 
key step of the rearrangement. Reaction of Tp*Nb(Et)Cl(PhC=CEt) with N3P(N- 
Pri); produced the structurally characterized Tp*NbCI[=NP(N-Pr'))](CPh=CEt,).4°6 
Novel catalytic systems for ethylene polymerization were discovered, based on 
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Tp*NbMe2(PhC=CMe)/B(C¢Fs)3, where Тр" was Tp or Tp*.4°7 An unusual 
equilibrium between 0- and B-agostic interactions was observed in the structurally 
characterized Tp*Nb(Pr')Cl(PhC=CMe), while only a-agostic interaction was found 
in the related complex Tp*Nb(Et)Cl(PhC=CMe).*°8 


2.6.3 Ta 


The first homoscorpionate complexes of tantalum were prepared by the reaction of 
TaMesCl, with Tp, Tp* and pzTp salts, forming the respective Tp*TaMe;Cl species. 
The structure of TpTaMe3Cl showed it to be a capped octahedron.*? Tp*K reacted 
readily with TaCl;(=CHBu')(THF), yielding Tp*TaCl,(=CHBu'), 35, in which one 
Cl could be replaced by alkoxy groups, by the (=NR) moiety, and also by a side-on 
bonded PhN=CH).4!° The complex [Tp*TaCl3][TaCl¢] was prepared from ТаСі; and 
Tp*SnCIBu; 256 


2.7 Group 6: Cr, Mo, W 


271 Cr 


The first chromium scorpionate was the unstable pzTpCr(CO);(n?-allyl), obtained 
from [pzTpCr(CO);] and allyl bromide. It underwent a complicated reaction with 
halocarbon solvents, producing ultimately the [pzTp;Cr]* cation, isolated as the 
hexafluorophosphate salt.* The anion [TpCr(CO);] was studied electrochemically.4!! 
Oxidation of the related Tp* anions, produced 17-electron complexes TpCr(CO);, 
pzTpCr(CO);, and Tp*Cr(CO)3, which were studied by EPR. TpCr(CO);PMe; was 
obtained from ТрСг(СО)з on treatment with PMe;.*!? The structure of pzTpCr(CO); 
was established by X-ray crystallography.*!? Also reported was the complex 
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Tp*Cr(=NBu'),Cl,378 as were [TpCrCl][AsPhg], [Tp2Cr]{PF,], and the structurally 
characterized TpCrCl,(py).*!4 Spectroscopic properties and ligand field parameters of 
the cation [Tp,Cr]* were determined.*!5 During an unsuccessful attempt to synthesize 
the complex [TpCrCI],, several other Cr!!! complexes were isolated and structurally 
chartacterized. They included, among others, [Tp;Cr]( TpCrCl;], [HPMe3][TpCrCl;], 
and TpCrCl,(THF).*!® Carbyne complexes such as Tp*Cr(=CNPr')(CO),, 36, and 
Tp*Cr(=CNPr',)(CO)(CNBu'), 37, were prepared and characterized. Two 
chromium(III) dialkyls, Tp*CrMe,(DMAP) and Tp*Cr(CH;Ph)(DMAP), where 
DMAP = 4-dimethylaminopyridine, were synthesized, and structurally characterized. 
Analogous complexes with donor ligands other than DMAP were less stable.*!* 


2.7.2 Mo 


Among the "first generation" homoscorpionate compounds, those of molybdenum 
were the most numerous, comprising about 30 % of all such complexes, and together 
with tungsten, which displays comparable chemistry, they accounted for almost 40 % 
of them. In a fair number of references identical, or almost identical complexes of 
both, molybdenum and tungsten, have been reported. The reason for this popularity 
of molybdenum was the ease with which molybdenum complexes of various 
oxidation states could be synthesized, ranging from Mo? in [TpMo(CO);] to MoV! 
in TpMoO;X. The reaction of Tp* ligands with Мо(СО) was a particularly 
convenient entry into the low-valent molybdenum area: 


[Tp'] + Мо(СО), —> [Tp*Mo(CO);} —> [EtN][Tp*Mo(CO),] (2.6) 


Such tricarbonyl anions could be isolated as quaternary amonium salts,!64 of which 
[Et,N][TpMo(CO)s],4!9 and [EGN][Tp*Mo(CO);], 9? were structurally characterized, 
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and the relative stability in solution of [TpMo(CO);] was determined by 
calorimetry.4?! An unusual complex, alleged to be Tp*Mo(CO);TiCp2(B-diketonate), 
has been reported, but this structure has not been adequately established.*?? 


From the above tricarbonyl anions a veritable cornucopia of other 
complexes could be obtained. Protonation yielded the metal hydrides, 
Tp*Mo(CO);H,!6 and the structures of Tp*Mo(CO);H and of the 17-electron radical, 
Tp*Mo(CO);, were determined by X-ray crystallography. The rates of degenerate 
transfer of electrons, protons and hydrogen atoms between these species were 
determined and compared.*? Gentle oxidation of (TpMo(CO);] yielded the 
structurally characterized 17-electron radical TpMo(CO);, which on heating formed 
the dimer [TpMo(CO)4];, containing a Mo=Mo bond.43414424425 [n the complex 
TpMo(u-OAc);MoTp, one Tp was tridentate and the other bidentate. The 
structurally characterized [TpMoCI]; dimer contained а CIMosSMoCI unit, with each 
Tp ligand bonding with two pz groups to one Mo atom, and with one pz to the 
о(ћег,427 Complexes such as TpMo(CO);—Rh(PPh3),478 38, TpMo(CO),— 
SnR;,*?? 39, and the trinuclear (TpMo(CO)4];Cu,*?? containing molybdenum-metal 
bonds, were also reported. 
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The fairly stable tricarbonyl radical Tp*Mo(CO); was converted to 
[Tp*Mo(CO)3]2S,43! and from (Tp*Mo(CO),] and №53СІ, the complexes 
Tp*Mo(CO),(NS) and [Tp*Mo(CO),]2S were obtained, ?? while іп the reaction with 
tetraalkylthiuram disulfide, the product was Tp*Mo(S;CNR;);, containing one 
bidentate, and one monodentate КМС ligand.?*4* The reaction of KTp* with 
Mo(D;(CO)(MeCN)? yielded Tp*Mo(CO);I, along with some ligand degradation 
products. Oxidation of (Tp*Mo(CO);]- with iodine gave Tp*Mo(CO),I, which 
added CNBu', forming Tp*Mo(CO),I(CNBu'), which was reduced to the anion 
[Tp*Mo(CO);(CNBu?]. Upon reaction with methyl iodide, it produced a mixture of 
three products, the aminocarbyne, n?-iminoacyl, and 12- acyl derivatives, 40, 41, 
and 42, respectively. When CNMe or CNPh were used instead of CNBut, only the 
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aminocarbyne was formed.*6 Treatment of [Tp*Mo(CO);] with sulfur or selenium 
produced the binuclear species [Tp*Mo(CO);];S and [Tp*Mo(CO);],Se, 
respectively.437 Compounds Tp*(CO);EAr (E = S, Se) were obtained from 
[Tp*Mo(CO);] and ArSCI (ArSO;CI could also be used) or ArSeX,!? and 
Tp*Mo(CO),(SAr), where Ar was p-chlorophenyl, was structurally characterized.*?8 


The reaction of [TpMo(CO)3] or [pzTpMo(CO);3] with allyl halides led 
directly to the j?-allyl derivatives, [Tp*Mo(CO);(r?-allyl)], Tp* including pzTp, 
which gave rise to 43.164 No reaction took place with the Tp* analog, but the 
complex [Tp*Mo(CO),(n?-allyl)] could be readily obtained by treating [Tp*]" with an 
independently prepared precursor of the cation [Mo(CO);(n?-allyl)]*." Structures of 
[Tp*Mo(CO);(n?-methallyl)],?? [Tp*Mo(CO),(n3-cinnamyl],*4° of eight other 
diversely 1-, 1,3-, 1,1,3- and 1,2,3-(1)3-allyl)-substituted [TpMo(CO);(n?-allyl)] 
complexes,**! of the cyclopentadienone complex TpMo(CO);(1?-C5H40),*? and of 
TpMo(CO);(PEt;Ph),*!? were determined by X-ray crystallography. In 
pzTpMo(CO),(n>Cp), 44, the pzTp ligand was bidentate.“ Various other Tp and 
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Tp* 13-аПу! species were synthesized, 4445 and investigated as useful reagents or 
catalysts for organic synthesis.446-450 The structurally characterized complex 
TpMo(CO);(n?-C4H;O) resisted hydride abstraction with [Ph3C]*, in contrast to the 
T)-cyclopentenone analog. A rationale for this behavior was provided by extended 
Hiickel calculations combined with a Walsh analysis of hydrogen abstraction.*5! 
Stereochemical non-rigidity, related to a rotational process within the molecule 
around the B—Mo axis was studied by NMR.!745245 Exhaustive treatment of 
TpMo(CO);(1-allyl) with NO produced TpMo(NO),NO).454 


Alkylation of [TpMo(CO);] with alkyl halides yielded not the expected 
seven-coordinate Tp*Mo(CO)sR species,!® but rather the ?-acyl complexes 
Tp'Mo(CO);(n?-COR)97455, which have been briefly reviewed.45° The only 
authentic Tp*Mo(CO),R complex reported was the structurally characterized, seven 
coordinate TpMo(CO),CH;CN.*!? Related to the above n?-acyl complexes were 
pzTpMo(CO);(n?-OCNMe;),55? pzTpMo(CO);(n?-SCNMe;),*5? and thioacyl 
species.'56! Bromination of [Tp*Mo(CO);] produced the seven-coordinate 
Tp*Mo(CO),Br,*%? but, on the other hand, reaction of [Tp*Mo(CO);] with iodine or 
with PhICI, yielded Tp*Mo(CO);I and Tp*Mo(CO),Cl, respectively, rare examples 
of 16-electron carbonyl derivatives with a spin triplet ground state. Oxidation of 
Tp*Mo(CO);I gave rise to the structurally characterized Tp*MoOL,*9? while 
oxidation of [Tp*Mo(CO);J with dimethyldioxirane yielded [TpMoO], along with 
the tetramer [ТрМоО(ц-О) ]4.*6! The structure of TpMo(CO),(S,CNR 2) was 
determined by X-ray crystallography. 


The above acyl complexes provided an entry into molybdenum carbene and 
carbyne derivatives through stereospecific alkylation of molybdenum(II) enolates.*6? 
For instance, the treatment of Tp*Mo(CO);(n?-COMe) with base generated 
[Tp*Mo(CO);(C(O)-CH))|, which was converted to various products, including 
carbynes, vinylidene and ketenyl derivatives, among which the complex 
(Tp*Mo(CO)[P(OPh);](n?-C(O)CHMeBn)) was structurally characterized. 164.465 
Treatment of Tp*Mo(CO),(n?-COR) complexes with excess base converted them to 
carbyne complexes, Tp*Mo(CO);(sCR). These could be deprotonated to anionic 
vinylidene species, capable of being alkylated at the vinylidene B-carbon.*66 The 
complex TpMo(CO);(1?-OCNPr/?) has also been reported.'545 The simplest carbyne 
derivative, Tp*Mo(CO),=CH, dimerized slowly to 45,467 while the reaction of 
TpMo(CO),=CAr with CS; produced the complex 46.468 The arylcarbyne 
Tp*Mo(CO),=CAr produced Tp*Mo(CO);B(Et)CH;Ar upon reacting with EGBH, 
and this complex contained an agostic bond. 


The chlorocarbyne Tp*Mo(CO);-CCI,?? obtained via radical reaction of the 
tricarbonyl anion with methylene chloride, turned out to be a very versatile starting 
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material for many complexes. The analogous bromocarbyne was prepared similarly. 
The formation of this chlorocarbyne was studied in considerable detail, and it was 
found to be strongly affected by the solvent, and also by steric effects.47° 
Tp*Mo(CO),=CCI reacted with [CpFe(CO);] forming the structurally characterized 
dinuclear Tp*Mo(CO),=C-Fe(CO),Cp,47! and in a similar reaction Tp*Mo(CO),=C- 
Mn(CO),Cp was obtained.” It also provided a convenient route to complexes 
[Tp*Mo(CO),=C-P=C(NR,)9],473:474 which could be readily oxidized with molecular 
oxygen to compounds exemplified by [Tp*Mo(CO),=C-P(O),C(NR3)o],475 or 
Tp*Mo(CO),=COAr,‘”6 as well as to the carbynes Tp*Mo(CO),=C(ER) (Е = S, 
Se), to [Tp*Mo(CO),=C-E]’,3! and to vinylidene metallacycles, such as 47.477 
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Photolysis of TpMo(CO);sCR in the presence of various phosphines 
yielded species, such as TpMo(CO)(PR3)(q?-OCCR), which could be converted to 
the thio,478 and to the seleno analogs.*”? LiMe;Cu converted Tp*Mo(CO),=CCI to 
Tp*Mo(CO),=CCH; which, upon deprotonation, formed the reactive anion 
[Tp*Mo(CO);-C-CH;], exhibiting a rich chemistry as a nucleophile.*9? For 
instance, it reacted with Tp*Mo(CO),=CCI yielding [Tp*Mo(CO);-C];CH,, which 
itself could be deprotonated to the dianion [Tp*Mo(CO);-C-C-C-Mo(CO);Tp*]^- 
and this could be readily dialkylated at the central carbon atom. Mixed analogs 
containing one Mo and опе W moiety were also prepared.*?! By a similar sequence of 
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deprotonations and alkylations, species such as 48, 49 and 50 were synthesized.*° 
[Tp*Mo(CO);-C-CH;] reacted with TpW(CO)(I)(PhC=CPh) producing the dinuclear 
complex, Tp*Mo(CO),=CCH,—W(CO)(PhC=CPh)Tp, which could be converted 
by treatment with KOBu' and 1, to Tp*Mo(CO),(=CC=)W(CO)(PhC=CPh)Tp. 482 
Protonation of Tp or Tp* complexes Tp*Mo(CO)(RC=CR')Me, which resulted in 
loss of methane, and addition of various ketones, produced r|'-ketone complexes with 
different conformational preferences about the M-O bond. Their E/Z isomerization 
barriers were studied.483 


n= н N 
rN | IF ^ 
H— B— № N— Мо = C— C= C— CZ Mo- № N- B—H 
map | IN 
AC i pao 
48 
S ме 

PONI IFN 
"EIL uei Sl 
Nan со NN 
EON yo 
49 
«ү. Or 
FN |^ 4 
HUS, WO 0— CS 0— oE Mo- NB 
Nan со Fi 


50 


2.7 GROUP 6 COMPLEXES 43 


While the reaction of [TpMo(CO);] or [pzTpMo(CO);]: with [ArN;]* ions 
produced the arylazo complexes Tp*Mo(CO),(N=NAr),!8484 such reaction with 
[Tp*Mo(CO);} yielded products,!? which were later identified as n?-aroyl species, 
Tp*Mo(CO);(n?-COAr).2939 Tp*Mo(CO);(NZNAr) complexes were studied by 
Raman and IR spectroscopy,*85 and those with m- and p-fluoro substituents by '?F 
and 5N NMR.*56 Oxidative addition of halogen to TpMo(CO)(N=NAr) was claimed 
to produce dimeric species. Reactions of TpMo(CO),(N=NAr) with PR; and with 
disulfides were studied, and the structure of TpMo(SR);(N-NTol) was established by 
X-ray сгуѕіаПоргарћу,48 while TpMo(NO)(CI)(N-NAr) was produced by the reaction 
of TpMo(CO),(N=NAr) with nitrosyl chloride.48949 The arylazo cation 
[TpMo(CO)(NZNAr)(PPh;)]* has also been reported,*! but it was not fully 
characterized. Structures of TDMoF(N-NAr);,? and of Tp*Mo(NO)(SPh);,*9 were 
determined by X-ray crystallography. 


The reaction of [Tp*Mo(CO);]° with various sources of NO* yielded 
Tp*Mo(CO);NO,!5494 which served as starting material for a very large number of 
interesting derivatives, including Tp*Mo(CO)NO(PPh;),4°5 Tp*Mo(CO)NO(optically 
active phosphine),9 and Tp*Mo(CO)NO(NCR).4%7 The 55Mo-'^N spin coupling in 
Tp*Mo(CO);NO was studied,*98 and ?5Mo NMR showed diastereomer splitting in 
Tp*Mo(CO)NO(PR;).? Tp*Mo(CO);(NS)was also reported.59? In the reaction of 
CINO with [Tp*Mo(CO)j] , one obtained, in addition to Tp*Mo(CO),NO, also 
Tp*Mo(NO);CI and Тр"МСІ,МО 18 Tp*Mo(CO);NO was also converted to the 
Fischer carbene Tp*Mo(CO)(NO)-C(OMe)(Me) and the carbene methyl group was 
functionalized via deprotonation and alkylation.5?! The reaction of Tp*Mo(NO)I, 
with either [Sj] or with [Seg]? yielded Tp*Mo(NO)(Es) species containing a MoE, 
ring, of which the one with E = Se was structurally characterized. Upon treatment 
with PBus, they were converted to the E-bridged complexes [Tp*Mo(NO)];(u-E), 502 
Hydrogen bonding and polar group effects on the redox potentials of 
Tp*Mo(NO)(SR)> complexes, where the R groups were alkyls, or alkyls containing 
mono- or dialkylamido functions, including the structurally characterized 
Tp*Mo(NO)[S(CH;)CONH(CH;)S] complex, were studied by electrochemistry 30: 


A very large sub-area of scorpionate chemistry was originated and developed 
by McCleverty. The core unit of this chemistry was the (Tp*MoNO] fragment, the 
other two coordination sites containing a vast variety of other substituents with 
diverse functionalities, as shown in 51, permitting the construction of polynuclear 
species, where the electronic properties of Mo could interact with other metal sites. 
The synthesis of these compounds started with Tp*Mo(NO)X; (X being usually I, 
since bromination or chlorination halogenated the 4-position of the pyrazole 
гіпез),505 obtained via halogenation of Tp*MoNO(CO),. Tp*Mo(NOJI, was reduced 
electrochemically to produce a paramagnetic species Tp*Mo(NO)I, thought to be the 
intermediate in substitution reactions at Mo.5% Hydrolysis of Tp*Mo(NO)X; 
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51 (Z = О, S, NH; R = alkyl, aryl, heterocycle) 


produced first a monohydroxo species, and it reacted with another molecule of the 
starting material to yield the oxo-bridged [Tp*Mo(NO)X];(H-O), which was 
structurally characterized along with the bis-hydroxo derivative Tp*Mo(NO)(OH) .5°7 
A related sulfur-bridged analog, [Тр*Мо(МО)С1]›(и-$›), was also reported.505 
Тр*Мо(МО)1, was readily converted to Tp*Mo(NO)(NCS), and Tp*Mo(NO)(N3)2,5% 
and the reaction of Tp*Mo(NOJI, with alcohols produced monoalkoxy species, 
Tp*Mo(NO)I(OR),5!05"! and with thiols the appropriate sulfur analogs.5!? These 
early results were briefly reviewed, and the synthetic procedures for preparing some 
of the alkoxy- and alkylamide complexes were described in detail.5!? Bis-alkoxy 
species containing the same,5!^ ог different,5!5 alkoxy groups, such as 
Tp*Mo(NO)(OR')(OR) could also be synthesized, as well ascomplexes 
Tp*Mo(NO)X(OR), in which the alkoxide was part of various cyclic systems,5!6 of 
menthol,5" of cholesterol,5!5 of monosaccharides,*!? as well as of glucofuranoside or 
galactofuranoside.5?? Potentially chelating diols or diamines produced generally only 
monoalkoxy,5?! and monoamido derivatives,5?? respectively. In a rather unusual 
reaction of Tp*Mo(NOJI, with acetone the products obtained were Tp*Mo(NO)I(OEt) 
and the dinuclear [Tp*Mo(NOJ)IJ;O.525? Bimetallic chelated complexes of the type 
[MoTp*(NO)(q°-CsH,CH20)2M] where the other metal was either Fe or Ru, and the 
non-chelated trimetallic [MoTp*(NO)(Fe(n5-CsHs)(n5-CsH4CH30));] were also 
prepared,°?5 as were binuclear species containing cyclohexanediolate and 
cyclopentanediolate bridges.526 


Some types of cyclic ethers reacted with Tp*Mo(NOJ)L, producing w- 
iodoalkoxy derivatives, Tp*Mo(NO)I[O(CH,),I].52^528 The alkoxy complexes were 
converted by HX acids to Tp*Mo(NO)X). Mono- and bis-aryloxides containing the 
[Tp*Mo(NO)] core were also synthesized,’ including those with long-chain alkyl 
substituents.5?? Detailed studies of electrochemical interaction and of the reduced 
species derived from [Tp*Mo(NO)CI] moieties linked by a variety of diphenol 
linkages, 521.532 and by four-carbon links with varying degrees of unsaturation, were 
carried out.55 The reaction of Tp*Mo(NO)I with 4,4-dihydroxybiphenyl led not only 
to the expected dinuclear species, but also to interesting triangular trinuclear and even 
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square tetranuclear metallacyclophanes,** and а trimetallacyclophane based on 
hydroquinone was also obtained.595 Unusual macrocycles of structure 
[(Tp*Mo(NO))(diol)]; were prepared, where the diols were 4,4'-methylenebisphenol 
and 1,4-bis(hydroxymethyl)phenol, respectively.539.555 Reaction of Tp*Mo(NOJ)L; 
with 2,7-dihydroxynaphthalene produced the structurally characterized binuclear 
complex [Tp*Mo(NO)(2,7-O2C9Hg)]2.5>7 Complexes with bulky alkoxy, aryloxy 
and arylamido substituents were also геропей,5# as well as analogous thiophenolato 
and carboxylato derivatives.53? 


The alkyl- and arylamido derivatives, Tp*Mo(NO)I(NHR),** could be 
prepared, not only from simple aliphatic and aromatic amines, but also from 
aminopyridines,5*! from p-ferrocenylaniline,5?? from an arylamino derivative of 
retinal,5?? from stilbenamine containing long alkoxy substituents,5*^ and from the 
optically acive (+)- and (-)-1-phenylethylamine, one of the pure diastereomers being 
structurally characterized.555 Amido and hydrazido derivatives were also prepared, 546 
and they were converted by acetone to -N-CMe; and -NHN-CMe; derivatives, 
respectively.5* In the reaction of Tp*Mo(NOJL, with pyrrolidine or piperidine both, 
amino and amido complexes Tp*Mo(NO)I(NHC,;H;,) and Tp*Mo(NO)I(NC,H;;) 
were obtained, 55 and structurally characterized,*4? as was the bis-amide complex 
Tp*Mo(NO)(NHBu);.559? The reaction of Tp*Mo(NO)I, and o-phenylenediamine 
produced the bimetallic 52, instead of a chelated ѕресіеѕ. 551.552 
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Other bimetallic complexes were also synthesized and studied by 
electrochemistry.53554 Valence-localized and valence-delocalized mixed valence states 
were obtained by electrochemical or chemical reduction of binuclear [Tp*Mo(NO)X] 
entities connected through 1,2-, 1,3-, and 1,4-phenylenediamine links.555556 Amido, 
bis-amido and dialkoxy complexes containing [OCH;CH;], polyether loops, capable 
of cation binding, have been synthesized,557555 and the structure of one of them 
determined by X-ray crystallography.55? An interesting S,S-chelated bimetallic 
complex, [TpMoNO(Fe(n?-C5H,S);], was obtained from ferrocene 1,1'-dithio].560 
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The reaction of Tp*Mo(NO)I; with pyridine, pyrazole, imidazole and related bases 
yielded either neutral or cationic йегіуа(іуеѕ,56! and the structure of 
[Tp*Mo(NO)(NCMe),]PF¢ was established by X-ray crystallography.5% 


Considerable attention was given to exploration of the paramagnetic 
complexes derived from Tp*Mo(NO)X;, primarily by electrochemistry.59? These 
studies included, among others, the complexes Tp*Mo(NO)I(NCR), 554 the anion 
[Tp*Mo(NO)Cl;] and the pyridine complex Tp*Mo(NO)CI(py),555 the cation 
[Tp*Mo(NO)(py);]*.556 the Hpz* complex Tp*Mo(NO)CI(Hpz*), obtained from 
Tp*Mo(NO)CI; through reduction with BuLi,557 and complexes of the type 
Tp*Mo(NO)C\(stilbazole) containing alkoxy chains of varying length in the 4'- 
position of stilbazole.5® The effect of meta-substituents on the reduction potential 
of Tp*Mo(NO)CI(NHC&H,-3-Z) was studied for a variety of electron-donating and 
electron-withdrawing substituents, Z.56 Cyclic voltammetry was used to study 
Tp*Mo(NO)X complexes containing meta-substituted benzene- and naphthalene-diols 
or diamines,5”° arylmercapto derivatives,5!! para-substituted arylamides,57? saturated 
heterocyclic amide ligands,57? and para-substituted anilines and phenols,574575 
Magnetic studies of a number of 17-electron complexes Tp*Mo(NO)I(L) and 
[Tp*Mo(NO)(L);]* (L = pyridine-derived bases) were conducted, and the structures of 
[Tp*Mo(NO)(4-Ph-py);]I and of [Tp*Mo(NO)(py);][BPh;] were деіегтіпей.576 The 
pyrazine bridged bimetallic complex [( Tp*Mo(NO)Br) (u-pyrazine)] was found to 
exist in a five-membered electron transfer chain, with z = -2, -1, 0, +1 and 42,57 and 
the structure of the related ((Tp*Mo(NO)CI) (u-pyrazine)], 53, was determined by X- 
ray crystallography.59! Numerous redox-active bimetallic complexes were discussed 
in a тіпі-геуіем,578 the Мо NMR spectra of Tp*Mo(NO);CI,57? and of 
Tp*MoO(S;CNR;) were determined,59? and a series of Tp*Mo(NO)XY complexes 
was studied by 9Мо and !4N NMR.°8! The cation radical [Tp*Mo(NO)(MeCN);]* 
showed the *55Mo and Мо satellites at low temperatures, thus confirming the 
presence of the paramagnetic center on Mo.58? 
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EPR spectra demonstrated magnetic exchange between three metal centers in 
complexes containing [Tp*Mo(NOJ)CI] moieties,55? which were linked to pyridyl or 
aryloxy termini of 1,3,5-trisubstituted benzenes containing either 4-pyridylvinyl or 4- 
hydroxyphenylvinyl substituents.55? Dinuclear seventeen-electron [Tp*Mo(NO)CI] 
species, linked through bipyridyl ligands,584585 through polyene-connected 
dipyridines with varying number of polyene links,536-588 and also with oligothienyl 
spacers,59? were studied by EPR and by electrochemistry. These studies also included 
a series of complexes where from two to four [Tp*Mo(NO)CI] units were linked to 
benzene, tris- or tetrakis-substituted with ethenyl-4-pyridyl or ethynyl-4-pyridyl 
substituents,5% and also a hexanuclear complex with [Tp*Mo(NO)CI] units linked to 
the pyridine termini of 1,3,5-tris[3,5-bis(2-pyridyl)phenyl]benzene.*?! In all 
instances exchange between all Mo nuclei was found, with stronger exchange 
occurring between ortho- and para-linked Mo centers, than with those meta-linked. 


A series of mixed-valence dinuclear [Tp*Mo(NO)X] complexes containing 
benzenediamido and dianilido bridges was synthesized, and compared with the related 
phenolato and dipyridyl species.59? Dinuclear complexes containing Rh, Hg, Pd, Pt 
or Cd were synthesized from Tp*Mo(NO)X(NH(CH;);PPh;) and suitable derivatives 
of the other metal.59? Complexes of the type Tp*Mo(NO)CI(NHC¢H4-4-N=N-4'-Fe, 
and related ones, were investigated for their non-linear optical properties,5945°8 and 
structures of the above azo compound, as well as of [Tp*Mo(NO)CI(p-O- 
tetraphenylporphyrinyl] were determined by X-ray crystallography.5?? The effect of 
linkage position (ortho, meta or para) of the [Tp*Mo(NO)CI(Cl)-O]- moiety to the 
tetraphenylporphyrin on the intramolecular electron transfer was studied, including 
the structure determination of the ortho-isomer,™ as was the photochemistry of such 
systems containing ruthenium within the porphyrin гіпр.60! Some of the macrocyclic 
polynuclear complexes containing the Tp*Mo(NO) unit were discussed in a general 
review on molecular containers. !535 


Further studies of this type employed complexes where the 
[Tp*Mo(NO)(CI)] fragments were attached to pyridyl rings, para-linked via diverse 
polyene units to ferrocene, systems where, in addition to the above ferrocenyl 
moieties, there were OR groups instead of Cl, the R group being chiral alcohols of 
fairly complicated structure, as well as complexes containing [Tp*Mo(NO)(X] 
linked either through O or NH bonds to stilbene derivatives, containing diverse 
substituents on the remote phenyl ring. The role of bridging ligand topology and 
conformation in controlling exchange interactions between paramagnetic 
molybdenum units in dinuclear and trinuclear complexes was discussed in detail, and 
the structure of the trinuclear molybdenum(V) species derived from 1,3,5- 
trihydroxybenzene, [Tp*MoO(CI)];(CgH50;) was determined by X-ray 
crystallography.55 Very unusual host molecules were obtained from the reaction of 
Tp*Mo(NOJL with tetrahexylcalix[4]resorcinarene. They contained two, three or four 
Tp*Mo(NO)I units incorporated into the rim of the calix. The structure of the 
tetrametallated derivative showed that one nitrosyl formed a hydrogen bond to a 
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methylene chloride molecule included in the host site. A variety of cyclic dimers, 
trimers and monometallomacrocycles was prepared starting with Tp*Mo(NO)I, and 
1,3- and 1,4-bis(mercaptomethyl)benzenes, and the stuctures of some of these 
complexes were determined by X-ray crystallography.°” 


Another way of achieving electronic interaction between redox-active 
molybdenum entities and other metals was to connect the [Tp*Mo(NO)(X)] group to 
a metal complex derived from a Schiff base, and containing aromatic hydroxyl groups 
serving as links, as exemplified by structure 54, where Z was -(CH;)- or -(CH2)3-. 
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The first such system investigated contained a central copper, and two molybdenum 
centers,8 Related complexes with nickel or palladium were also studied, although 
it was noted that hydrolysis of the azomethine linkage took place, being accelerated 
by the presence of the electronegative [Tp*Mo(NO)(X)} group, and a monometallic 
species with free aldehyde groups was structurally characterized.5!? The reaction of 
(Tp*Mo(CO),] with thionyl chloride produced Tp*MoCl,,! also obtainable on 
oxidation of [Tp*MoCl,]-.6!! Upon treatment with alumina, it was converted to 
Tp*MoOCl,, which was studied by ESR in the isostructural Tp*SnOCl, matrix. 6'2 
A general synthesis of Tp*MoOX, complexes (X = Е, Cl, Br) entailed the reaction of 
Tp*MoO(OMe); with halo acids? and the EPR parameters of these complexes 
меге compared.$!4 Metal-metal interaction in a paramagnetic complex containing two 
oxo-Mo centers, [Tp*MoO],(dianion of ellagic acid), was studied by ЕРК.6!5 


Partial hydrolysis of TpMoOCl produced the dinuclear [TDMoOCI];O, and 
both of these complexes were structurally characterized. On further hydrolysis in 
methanol a linear tetranuclear complex, capped at each end with the Tp ligand, and 
containing oxo- and methoxo bridges was isolated,516.517 and studied by electronic 
and vibrational spectroscopy.*!* A related mixed-valence complex Tp*MoO(CI)(u- 
O)Mo0;Tp* has also been герогіей.6!9 Structures of two dinuclear complexes 
[Тр*МоО}(р-О)(и-5) and Tp*MoS(u-S;)MoS(S;CNEt,), and of the tetranuclear 
[Tp*MoS(pu-S);MoO(n-OH);]; were determined by X-ray crystallography.920 
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A large area of molybdenum chemistry dealing with its higher oxidation 
states, mainly MolY and Mo"!, was developed, mostly by Enemark and by Young, in 
conjunction with efforts to synthesize models for the molybdenum cofactor, present 
in a number of enzymes such as sulfite oxidase, xanthine oxidase or nitrite 
reductase.9?^.52? In this cofactor the molybdenum atom is coordinated to the two 
sulfur atoms from the cis-enedithiolate function of molybdopterin, to an oxo group, 
and to either an oxo or sulfido group, depending on the enzyme in question. In this 
context a variety of complexes containing the structural component Tp*MoO(X)(Y) 
were synthesized and studied.5? In most cases X was Y, and the synthesis entailed 
nucleophilic displacement of chloride ions from Tp*MoOCl;.9 The numerous 
structurally characterized complexes were Tp*MoO(OPh),,25 Tp*MoO(NCS);, 526 
Tp*MoO(OC,H,-p-Cl),,87 Tp*MoO(S;py),9* Tp*MoO(0;-o-C,Cl,),529 
Tp*MoO(S;-o-C&4H4),9? Tp*MoO(NCS);and Tp*MoO(N3)>,%! as well as 
Tp*MoO(S;P(OR);),9?? 55, Tp*MoO(S;CNPr;),9? 56, and Tp*MoS(S,CNEt,), 
57.534 EPR spectra of Tp*MoO(X), for X = Cl, OMe, SEt and NCS, have been 
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simulated.635 Treatment of Tp*MoOCI, with B5S; converted itto Tp*MoSCly, the 
first mononuclear Мо“ complex with a terminal sulfido ligand. Numerous para- 
substituted phenolato complexes, Tp*MoO(OAr);, were synthesized and 
characterized,$?? as well as many related complexes with aliphatic diolato, dithiolato 
and alkoxo ligands, with emphasis on the effect of ring size on the properties of the 
Movcenter.®8 The He I valence photoelectron spectra for Tp*Mo(O)(OR)2 complexes 
containg also chelating diolato substituents were reported.5? Electrochemical studies 
of a series of Tp*MoO(E-Z-E) complexes, containing aromatic and aliphating 1,2- 
chelating substituents, with E = O, or S, have revealed that replacement of O by S 
results in a decrease of the electron transfer constant. The first ionization energy in 
the gas-phase photoelectron spectra of Tp*Mo(E)(3,4-toluenedithiolate), was 
independent of the nature of E (О, S, NO).5*! EPR spectroscopy of a series of 
[Tp*MoO] complexes with chelating dithiolate ligands suggested that these systems 
may be considered as a minimal structural and spectroscopic benchmark for the 
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oxomolybdenum(V) center in molybdopterin.®? Reduction of Tp*MoO;(SPh) by 
cobaltocene in pyridine yielded the stable, structurally characterized, 
Tp*MoO(SPh)(py).© In a comparison of the Tp*Mo(NO)(OR), and Tp*MoO(OR); 
pairs of complexes it was shown that the nitrosyl ones are 0.8 eV more difficult to 
ionize than the oxo analogs. Spectra at the molybdenum 1. and Із edges of a 
series of Tp*MoO(X)(Y) complexes were analyzed in terms of ligand field theory, 
and optical spectra in high- and low-symmetry Tp*MoOX; complexes were assigned 
on the basis of magnetic circular dichroism spectroscopy.56 


The ?!P NMR spectroscopy was used in complexes Tp*MoO(OAr);, also 
including catecholate derivatives, with -OPO(OPh) substituents on the aromatic 
rings, as a probe of models for the molybdenum phosphate interaction in oxo-type 
molybdoenzymes.®7 The complex Tp*MoO(OC,H,-o-S) was reported, and its 
solution was oxidized in air to the Mo! species, containing a disulfide bond, 
[Tp*MoO;(O-C&H,4-o-S];.59? The compound Tp*MoO(S)(S;PEt;) was found to 
exhibit intramolecular sulfur-sulfur interaction, of relevance to the behavior of the 
active site of xanthine oxidase.650 Unusual di- and trinuclear metallamacrocycles were 
prepared by the reaction of Tp*MoCl, with bifunctional ligands, such as 1,3- 
(HO);C,H,, 1,3-(HS),C4H,, 2.7-(HO); Cio He, and 4,4-[(HO)C4H,];CH». These were 
studied by electrochemistry, and strong interaction was found in the resorcinol 
derivatives.55! Trinuclear oxomolybdenum(V) complexes, such as the structurally 
characterized 58 and its meta-analog, were studied electrochemically, and in terms of 
their magnetic exchange interactions. Such interactions were observed between the 
terminal and the central metal fragments, but not between the two terminal metal 
fragments. Ferromagnetic and antiferromagnetic exchange interactions were observed 
between adjacent metal atoms.552 
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Among the MoY! homoscorpionate complexes the nitrides Tp*Mo=N(N3)> 
and Tp*Mo=N(N3)(CI),°5%4 and Tp*Mo(ZNNPh;);CI were reported,555 as well as 
Tp*MoO(S)(OR) and Tp*MoS;(OR).556 Tp*MoO,X compounds, which were 
typical starting materials for the synthesis of MoY! complexes, for instance 
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Tp*MoO;CI,55 were prepared by the reaction of [Tp*] with MoO,X;, and the 
halogen in Tp*MoO;X could be replaced with NCS, OPh and ЅРһ,658 and such 
complexes reacted with PPh producing, depending on the solvent, Tp*Mo(O)X, 
[Tp*Mo(O)X];, or Tp*Mo(O)X;. Related compounds with alkyl groups were also 
prepared,55?.660 and were studied by NMR.59! The structure of [Tp*MoO;];O was 
established by X-ray crystallography. Reaction of Tp*MoO;X with aqueous 
ammonia yielded oxo-bridged polynuclear species, and related thio-bridged complexes 
were also prepared.9 Substitution rates of X in Tp*MoO)X were slow.55* 
Reduction of the structurally characterized Tp*MoO,(SPh) with cobaltocene produced 
the radical anion complex (Tp*MoO;(SPh)] which could be converted to 
Tp*MoO(OSiMe;)(ISPh).555 The reaction of Tp*MoO;X complexes with sulfiding 
agents yielded the tetrasulfidomolybdenum complexes Tp*Mo(X)(S4).° Treatment 
of Tp*Mo(NCS)(S4) with dicarbamethoxyacetylene resulted in extrusion of sulfur, 
and formation of the chelated complex Tp*Mo(NCS)[S;C;(COOMe);].99 The 
crystallographically characterized complexes (Tp*MoO(S;P(OR);)] and 
[Tp*MoO;(S;P(OR);]] showed in the first case a bidentate [S;P(OR);] ligand, but a 
monodentate one in the case of the latter сотріех.6 The compound 
TpMo(=NAr)(OTf)(=CHCMe,Ph) had covalently bound ОТЕ,669 and on hydrolysis 
yielded TpMo(-NAr)(O)(-CH;CMe;Ph) and [TpMo(=NAr)(O)],0.°° Addition of 
LiMe to TpMo(-NAr)(-CHCMe;Ph)(OTf), where Ar was 2,6-bis(isopropyl)phenyl, 
produced TpMo(-NAr)(-CHCMe;Ph)Me. Abstraction of the methyl ligand from this 
complex readily yielded solvated cationic species, exemplified by 
[TpMo(=NAr)(=CHCMe>Ph)(Et,0)]*. Reaction with potassium methoxide converted 
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TpMo(=NAr)(=CHCMe,Ph)(OTF) to the complex TpMo(=CCMe,Ph)(NHAr)(OMe), 
while under milder conditions the OTf ligand was replaced by methoxide ion, without 
any other changes, as was demonstrated by X-ray crystallography.5?! Unusual 
dinuclear complexes of structures 59 and 60 where the ligand L was (15-7,8- 
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С,В»Н) and E was S or Se, were synthesized, and were found to be readily cleaved 
by donor solvents, but they were stable in dichloromethane or in toluene.57? "First 
generation" homoscorpionates were also used as capping ligands in a number of 
clusters, including Mo3S,, 5 Mo4Sq,675 and various polymetallic ones.579577 It was 
found that p-anisaldehyde binds to [Tp*Mo(CO)(MeC=CMe)]* in G-fashion, but but 
in n-fashion to the analogous W complex.575 


2.7.3 Tungsten 


The reported homoscorpionate chemistry of tungsten is almost as rich as that of 
molybdenum, ranging in oxidation states from W? to WV!, with many complexes 
being identical to those of Mo, or very similar. For this reason, numerous papers 
dealt with analogous Mo and W complexes together, and so they were cited first in 
the molybdenum section, 2.7.2. 


Thus, alkylation of Tp*WO.;CI to Tp*WO;Me was reported,59? as was the 
redox chemistry of [TpWCI;]:,!! and the synthesis of the cyclopentadienone complex 
TpW(CO).(n3-CsH4O),? and of the bis-imide complex Tp*W(=NR),(C1).378 
Photolytic reaction of TpW(CO),=CR with phosphines yielded TpW(CO)(PR3)(q?- 
OCCR) complexes of structure 61 (E = O) which could be converted to the thio 
derivative (E = S).478 The structures of the Se analog, 62, and of 63 (R = p-tolyl) 
were determined by X-ray crystallography.47? The carbyne Tp*W(X);sCR (X = Cl, 
Вг; R = But, Ph) was converted by alumina to Tp*W(O)(X)(=CHR), and by aniline to 
Tp*W(=NPh)(X)(=CHR). Both complexes were catalysts for acyclic diene metathesis 
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polymerization.57? The structurally characterized complex 64 had a distorted 
tetrahedral geometry at the bridging methylene??? Complexes Tp*W(CO);2COAr 
and [Tp*W(CO),=CPR;]* were prepared from Tp*W(CO),=CCI.476 Numerous 
compounds containing the [Tp*W(NO)] core were synthesized. Such complexes 
included Tp*W(NO)CI(OR) and Tp*W(NO)(OR);,5!5 similar complexes where OR 
also contained an cyclic ether structure,5'$ where OR was a mentholate,!? a 
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saccharide,°!? a glucofuranoside or galactopyranoside,5”° as well as dinuclear 
structures involving cyclopentanediolate ог cyclohexanediolate bridges,5?5 those 
obtained via ring-opening of oxacyclobutane,5?® and hydroquinone-based 
tungstacyclophanes of structure [Tp*W(NO)(OC,H,O)]3.>°5 Also reported were 
Tp*W(NO)(NHAr), species where Ar was 2-pyridyl,5*! as well as optically resolved 
l-methylbenzylamido analogs, Tp*W(NO)I(NHMeCHPh),555 and various 
Tp*W(NO)(NHR)> complexes,59? including amido complexes of the NHAr type with 
a variety of para-substituents, the effect of which on the reduction potentials of these 
complexes, and of the OAr analogs,574 was studied.59957? Electrochemical studies 
were also carried out on analogs with OPh, SPh and NC,H, substituents,5?! on 
those with saturated heterocyclic атійе,57? and other ligands, 5.575 on complexes 
such as [Tp*W(NOJCIJ;((NHC&H,);O],55 and on analogs linked with diphenolic 
bridges.9? Related complexes with a phosphine moiety present on the amido 
substituent coordinated to other metals were also prepared.5*? Amido complexes 
linked to ferrocene through arylamido or arylazo bridges were investigated for non- 
linear optical properties, 59^-595.694 The complex TpW(NO)(Cl)(N=NPh) was obtained 
from TpW(CO),(N=NPh) and NOCI.49! 


Generally, an easy entry into low-valent tungsten scorpionate chemistry was 
the reaction of [Tp*]: with W(CO),, yielding the anion [Tp*W(CO);], which was 
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converted to various ņ?-allyl derivatives, Tp*W(CO)»(n?-allyl),* to nitroso and 
arylazo derivatives TP"W(CO)5(NO), 65, and Tp"W(CO);(N-NAr), 66, 
respectively, 54?! and was protonated to the 7-coordinate species Tp*W(CO)3H, 67.4 
The complexes Tp*W(CO)3;H and Tp*W(CO)(PhC=CMe)H were structurally 
characterized.68° Seven-coordinate halides, TpW(CO)3X, were prepared, 475459 as was 
Tp*W(CO)I.&! The anion [Tp*W(CO) } was oxidized to the unreactive 17-electron 
radical,>4! and further to the 16-electron cation [Tp*W(CO);]*, which reacted with 
phosphines forming a variety of structurally characterized 7-coordinate complexes 
[Tp*W(CO)3(PR3)][PFo].°? A detailed synthesis of Tp*W(CO);X complexes (X = 
CI, Br, I) and their conversion to Tp*W(CO) X species has been reported.5? The 
dynamics of asymmetric 1)3-allyl systems were studied by !5?W and 2D ІН NOESY 
NMR.5* Tp*W(CO);(n?-allyl) complexes could also be obtained by irradiation of 
[Tp*W(CO);H] in the presence of alkynes or unconjugated dienes.555 Thiolate 
complexes Tp*W(CO) (SR) were obtained by the reaction of [Tp*W(CO),] with 
ArSO,Cl,!? and in better yield by the reaction of thiolates with Tp*W(CO)jI, which 
was itself obtained by thermolysis of Tp*W(CO),I.°8° Air oxidation of 
Tp*W(CO);X yielded the structurally characterized complex Tp*WO(CO)X.657 
Tetraalkylthiuram disulfides converted [Tp*W(CO);] to the structurally characterized 
[Tp* W(CO);(S;CNR;)], and on further reaction, to a variety of other thio 
derivatives.995 In a similar reaction with propylene sulfide, [Tp*W(CO);]jS was 
obtained.99? The reaction of Tp*WI(CO), (п = 2,3) with [S;P(OR);] yielded dithio 
ligand complexes Tp*W(CO);[S;P(OR);-S], fluxional by NMR, which were 
converted by various oxygen donors to Tp*W(O)(CO)[S;P(OR);]. The structure of 
Tp*W(O)(CO)[S,P(OPr'),] was established by X-ray crystallography.599 


Tungsten chloro- and bromohalocarbynes, Tp*W(CO),=CX were prepared 
just like their Mo апа[ор5,20470 and were converted to metallacycles via anionic 
vinylidene species, such as (Tp*W(CO);[-C-C(CN);])-.? Angelici synthesized the 
thiocarbonyl derivative, [TpW (CO) (CS)} from [IW(CO)4(CS)], and it was converted 
by iodine to trans-TpW(CO),(CS)I,?8 by NO* to TpW(CO)(CS)NO, and by alkyl 
halides to the stable mercaptocarbynes, TpW(CO),=CSR, the one with R = Me 
being also obtainable from MeLi and TpW(CO);(CS)I?? With ClAuPR3, the 
bimetallic complex with W—Au bonds, TpW(CO)(CS)—Au(PR3), was obtained 
and structurally characterized. This complex contained one semibridging CO, and one 
semibridging CS.%! When the alkylthiocarbyne TpW(CO),=CSR was treated with 
SMet, a 1-dithiocarbene, (TpW(CO);[n?-C(SMe)SMe]*, was obtained, bonded to 
the metal through both the carbon and the sulfur atoms. This species reacted with 
various nucleophiles. For instance, with Ме$ the complex 68 was produced, while 
R;NH yielded TpW(CO);-CNR;. The complex cation [TpW(CO);[n?-C(SMe)SMe]* 
also reacted with PR; forming 69.5? Alkylidyne complexes TpW(=CAr)(CO), and 
their Tp* analogs were also reported.5?? Related products were also obtained from 
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(TpW(CO);(n?-CH(SMe)]]*,9* and several reactions of [TpW(CO),(n?- 
C(SMe)SMe)] with various nucleophiles were studied.5?5 


68 69 


A side-on bridging thiocarbonyl ligand was found in the bimetallic complex 
TpW(CO),(CS)Mo(CO),(indenyl).6° Among other reactions of TpW(CO)(CS)NO, 
that with MeNH, converted the thiocarbonyl ligand to an isonitrile, producing 
TpW(CO)(CNMe)NO.”? Protonation of TpW(CO),=CSMe formed TpW(CO);(n?- 
CHSMe),5? while the reaction with phosphines yielded a n?-ketenyl derivative, 
TpW(CO)(PR3)(n?-MeSC=C=0), which upon methylation was transformed into the 
cation [TpW(CO)(PR3)(MeSC=COMe)]*.° The structure of Tp*W(CO),=C- 
P-C(NEt;), prepared from Tp*W(CO),=CCI and Me;SiP-C(NEt;);, was 
established by X-ray crystallography.*?? This complex could be readily oxidized with 
molecular oxygen at the phosphorus to yield [Tp*W(CO);sC-P(O);C(NR;);].*?5 
Protonation of [Tp*W(CO);ZC-P-C(NR;);] yielded [Tp*Mo(CO),=C-P(H)- 
C(NR;);]*. which was rearranged to a metallaphosphirene,"^ The structurally 
characterized carbyne pzTpW(CO))=C(p-CsH4Me) was a four-electron donor in the 
preparation of heteronuclear polymetallic clusters.6 Other tungsten carbynes 
reported included Tp*WBr,=CPh,’ Tp*W(CO),=CN(R)Et, in which the carbyne 
link was elaborated from the EtNC ligand,” and the carbyne cation 
[Tp*W(CO);-CPR;]* which reacted with PR; forming the structurally characterized 
carbene cation [Tp*W(CO);-C(PR.);]*."? Treatment of TpW(CO);(n?-OCNPr';) 
with sodium ethoxide produced in low yield the complex TpW(CO);(sCNPr5).!545 
The carbyne Tp*W(CO);2C(p-C4H,Me) was converted by Et;BH to the structurally 
characterized Tp*W(CO) B(Et)CH2(p-CsH4Me), containing an agostic bond to W 
from the benzylic methylene.*9? 


Interesting tungsten chemistry resulted from the work of Templeton, much 
of which dealt with Tp*W complexes, entailing transformations of coordinated 
alkynes, or carbyne ligands. Isomeric, geometric and thermodynamic features for 
complexes such as Tp*W(CO)(NO)=C(OMe)(Me) were discussed.*6? The 
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methylcarbyne Tp*W(CO),=CCH; formed, upon deprotonation, the reactive anion 
[Tp*W(CO);-C-CH;], exhibiting a rich chemistry as a nucleophile.*° For 
instance, it reacted with Tp*W(CO),=CCI yielding [Tp*W(CO))=C],CH2, which 
itself could be deprotonated to the dianion [Tp*W(CO),=C=C=C=W(CO),Tp*]}* and 
this could be readily dialkylated at the central carbon atom. Mixed analogs containing 
one Мо and опе W moiety were also prepared.**! By a similar sequence of 
deprotonations and alkylations, it was possible to synthesize species such as 
Tp*W(CO),=C-CH=CH-C=(CO),WTp*, [Tp*W(CO);-C-C-2C-C-W(CO);Tp*]*, 
and Tp*W(CO); -C=(CO),WTp*, which were analogous to their 
molybdenum counterparts.5? The anion [Tp*W(CO))=C=CH)] underwent reaction 
with TpW(CO)(I)(PhC=CPh) producing the structurally characterized dinuclear 
complex, Tp*W(CO);(sCCH;)- W(CO)(PhCsCPh)Tp, which could be converted by 
treatment with KOBu' and 1, to Tp*W(CO)(=CC=)W(CO)(PhC=CPh)Tp.*8? 


The synthesis of a family of alkyne intermediates, valuable for further 
elaboration of the organic moieties bonded to tungsten, was based on the reaction of 
Tp*W(CO)4I with a variety of acetylenes, leading to Tp*W(CO)(I)(RC=CR') 
complexes, including the structurally characterized Tp*W(CO)(I)(PhC=CMe). The 
iodide ion could be replaced by neutral ligands, such as acetonitrile, or phosphites, 
yielding cationic species.5?! It could also be replaced by cyanide ion, producing 
Tp*W(CO)(CN)(PhC=CMe), in which the alkyne was aligned parallel to the M— 
CO axis. This species was converted to the dinuclear, CN-bridged, complex 
(Tp*W(CO)(PhC=CMe)]-C=N-[Tp*W(CO)(Bu"C=CMe)], and complexes of this 
type were subjected to extended Hückel MO calculations.” The cation 
[Tp*W(CO);(PhCsCH)]*, was obtained by the reaction of Tp*W(CO),I with 
AgBF, and phenylacetylene. It could be readily reduced to the structurally 
characterized B-agostic carbene derivative, Tp*W(CO),(=CPhMe),”4 and it reacted 
with LiHBEt or with MeLi to produce neutral n?-vinyl complexes of structures 70 
and 71, respectively. This reaction was studied in considerable detail, and a related 
complex, 72, could be obtained from P(OMe); and [Tp*W(CO),(PhC=CH)}*.795 
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Deprotonation of the structurally characterized Tp*W(CO) (PhC=CMe),”°° 
produced an anion which reacted with alkyl halides, R'X, to yield complexes of 
structure Tp*W(CO),(PhC=CCH)R’), and with aldehydes to produce the 
corresponding alcohols." In an approach to non-linear optics, the complex 
Tp*W(CO)I(PhC=CMe) was converted to the structurally characterized ferrocene 
derivative, Tp*W(CO)I(PhC=C-CH=CMe(Fc).7°8 Acetonitrile, coordinated in the 
cation [Tp*W(CO)(RC=CR')(MeCN)]*, was stepwise reduced via sequential addition 
of nucleophiles and electrophiles to its triple bond, and all the intermediate products 
could be readily isolated and identified.794? Cationic bis-alkyne complexes, 
[Tp*W(CO)(PhC=CH)(PhC=CR)]* were synthesized by the reaction of 
[Tp*W(CO),(Pht H)]* with PhCECR/AgBF,, and the structure of the product, 
[Tp*W(CO)(PhC=CH),], was determined by X-ray crystallography. This compound, 
upon monodeprotonation yielded readily the phenylacetylido species, Tp*W— 
(C=CPh)(CO)(PhC=CH). Carbenes and vinyl complexes could also be obtained from 
such precursors.’!0 When [Tp*W(CO);(PhCzCMe)]* was treated with LiCuR;, 
neutral 1'-acyl complexes [Tp*W(CO)(PhCECMe)(n'-C(O)R)] were obtained in 
which the alkyne ligand remained as a four-electron donor. The alkyne methyl group 
could be deprotonated and the anion could be alkylated with alkyl halides. Carbenes 
were obtained via protonation or alkylation of the !-acyl ligand, and the complex 
Tp*W(CO)(PhC=CMe)=CMe(Bu) was structurally characterized."!! The reaction of 
Tp*W(CO)(I)(PhC=CMe) with LiCuMe; afforded Tp*W(CO)(Me)(PhC=CMe) which 
could be protonated in the presence of ketones or aldehydes to yield the derived т\!- 
carbonyl complexes, convertible through hydride addition to the corresponding 
alkoxides, of which Tp*W(CO)(PhC=CMe)(OCH,CMe;) was structurally 
characterized.7!? A fairly stable, structurally characterized ether complex, 
Tp*W(CO)(OEt,)(PhC=CMe), was obtained by treating Tp*W(CO)(Me)(PhC=CMe) 
with HBAr,. It reacted with methylene chloride to produce the metallacycle 73.713 
The Tp or Tp* complexes Tp*W(CO)(RC=CR')Me were protonated, which resulted 
in loss of methane, followed by the addition of various ketones, producing n!-ketone 
complexes with different conformational preferences about the M—O bond. The E/Z 
isomerization barriers were studied.*54 


Oxidation of the amido complex Tp*W(CO)(PhC=CMe)(NHPh) yielded the 
structurally characterized nitrene, [Tp*W(CO)(PhC=CMe)=NPh]*, which reacted with 
LiBHEt; forming the hydride, Tp*W(H)(PhC=CMe)(=NPh), and with MeMgBr 
forming the unusual metallacycle 74.7!4 Electrophilic tungsten(II) methylene carbene 
cation, [Tp*W(CO)(PhC=CMe)=CH,]* and its Tp analog, were prepared by the 
reaction of Tp*W(CO)(PhC=CMe)Me with [Ph3C][PF,]. They formed adducts, such 
as the structurally characterized Tp*W(CO)(PhC=CMe)(CHPPh;), transferred а 
methylene group, and catalyzed aziridine formation."!5 Displacement of CO from 
[Tp*W(CO),(HC=CH)}* by iodide ion produced the neutral [Tp*W(CO)(I)(HC=CH)], 
which could be sequentially deprotonated and alkylated, giving rise to a variety of 
novel compounds, including the unusual, structurally characterized, cyclodecyne 
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complex, 75.7!6 The cationic, seven-coordinate, complexes [Tp*W(CO)3(PMes)]*, 
and its PMe;Ph analog were structurally characterized,’!7 as were Tp complexes 
TpW(CO)(PPh3)(1?-ArC=C=O) and TpW(CO)(CI(n3-ArC=CMe).7!8 


Reduction of Tp*W(CO),(=NPh) with [ВНА] generated the formyl complex 
Tp*W(CO)(CHO)(=NPh) which underwent hydride migration from carbon to 
nitrogen, yielding Tp*W(CO),(HNPh).”!9 Tosyl azide reacted with Tp*W(CO);H 
forming Tp*W(CO);(NHTs), which could be oxidized to the imino complex 
Tp*W(CO),(=NTs), and its reaction with PMe; produced, among others, the cationic 
species [Tp*W(CO) (PMe3)o]* and [Tp*W(CO)(PMe3)(=NTs)]*.79 Oxidation of the 
amido complexes [Tp*W(CO)(PhCCMe)(NHCHRR’)] led to chiral т'-ітіпе 
complexes, [Tp*W(CO)(PhCCMe)(NH=CRR’)], also available by other routes.72! 
Details of the synthesis and reactivity of a variety of complexes such as the unstable 
nitrido derivative Tp*W(CO),=N, Tp*W(CO);(NHR), [Tp*W(CO);(-NR)J*, 
Tp*W(CO),(NR'R), Tp*W(CO)(CHO)(=NPh), and related structures, have been 
reported,7? as also was the synthesis of the tosylimido derivative 
TpW(=NSO,C.HyMe) CI.’ Refluxing Tp*W(CO)3Br in acetonitrile along with 
Na(SPr') led to reductive coupling of MeCN, and isolation of the complex 
Tp*W(CO)(=NCMe=CMeN=)W(CO),Tp*.74 A general route to tungsten cationic 
nitrene complexes, [Tp*W(CO);(2NR)]*, of which two were structurally 
characterized, consisted of oxidizing Tp*W(CO);(NHR) with іойіпе.725 The 
structurally characterized acetylimido complex Tp*W(CO)(SPh)(=NCOMe) was 
synthesized by the reaction of PhS: with Tp*W(CO)(I(-NCOMe), itself prepared by 
the reaction of Tp*W(CO)(I)(NCMe) with pyridine N-oxide. Cationic complexes 
of general structure [Tp*W(CO),(RC=CH)]* reacted with R'NH;, forming 
Tp*W(CO),[N(R')CH=CHR], and the structure of the complex with R' = benzyl was 
determined by X-ray crystallography.?? 


Remarkably stable tungsten(VI) imido alkylidene complexes were 
synthesized, and the structure of Tp*W(=NAr)(=CHCMe,Ph)(Hpz*) was determined 
by X-ray crystallography.’8 Several related Tp-based analogs, having the general 
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structure TpW(=CHCMe,R)(=NAr)(CHCMe>Ph) [R = Me, Ar = Ph; R = Ph, Ar = 
Ph; R = Ph, Ar = 2,6-bis(isopropyl)phenyl], has been synthesized, and some of them 
were converted to a variety of different cationic species, as exemplified by 
[TpW(=NPh)(CHCMe;)(solvent)]*. In the presence of AICI;, the above compounds 
catalyzed the ring-opening polymerization of cyclooctene./?? Reactions of 
Tp*W(CO)4(S;PR;) with pyridine N-oxide yielded carbonyl oxo-complexes 
Tp*WO(CO)(S;PR;), while thermal decarbonylation of Tp*W(CO)sI in nitrile 
solvents produced Tp*W(CO)(n?-RCN), convertible to Tp*W(CO),(S2PR), as well 
as to Tp*WSX(CO) or to Tp*WS(CO);(S;PR;)."?? Refluxing [Tp*W(CO);X] in 
nitriles gave rise to [Tp*W(CO)X(RCN)], which reacted with [R;PS;] forming 
dithio ligand derivatives, [Tp*W(S;PR;)(RCN)] in which the nitrile was K?, and 
[RPS] was monodentate.7?! Primary amines R'NH; were found to add across the 
nitrile triple bond of [Tp*W(CO)(PhC=CR")(NCR)]*, forming the well characterized 
cationic amidine species such as [Tp*W(CO)(PhC=CR")(NH=C(R)NHR’)]*, 76.732 


76 


Oxidative decarbonylation of [Tp*W(CO);] with tetraethylthiuram disulfide led to a 
variety of products, including the structurally characterized Tp*WS(S,CNEt).”33 


A convenient entry into homoscorpionate WY! chemistry was provided by 
the reaction of Tp* ligands with WO;Cl;, which produced Tp*WO;CI complexes, 
and the related Tp*W(=NR),CI species were prepared similarly.578 The reaction of 
Tp*WO,CI with Grignard reagents led to alkyl or aryl complexes, of which 
Tp*WO,Et and Tp*WO;Ph were structurally characterized. Boron sulfide converted 
them to the oxothio and dithio апа[ор5.72725 An overview of thio-tungsten 
chemistry, with emphasis on species such as Tp*WOSX, Tp*WS;X, Tp*WSX; and 
Tp*WSX was published.” The structure of Tp*WOS[O-(2-iPr-5-Me-CgH)] was 
determined by X-ray crystallography,” as was that of the mixed-valence complex 
Tp*WV!0(u-0)W'YO(CO)Tp*.78 Details of halogen replacement in Tp*WO;CI by 
diverse nucleophiles to yield Tp*WO;X species (X = NCS, OMe, HCO», OPh, SPh, 
S;PPh;, SePh) have been reported, along with the structure of Tp*WO,SePh.’*? The 


60 HOMOSCORPIONATES — FIRST GENERATION 


complexes Tp*WO,(alkenyl) were oxidized with singlet oxygen, forming allylic 
hydroperoxides, which could be converted, in some cases stereoselectively, to a 
variety of oxygenated products.’4° The complex Tp*WO (OH) was obtained by 
heating Tp*W(CO)4I іп DMSO, and upon treatment with EtsN(OMe) it was 
converted to the structurally characterized EtsN[Tp*WO3]. A dinuclear complex 
[Tp*WO;];O was also reported.7^! The structurally characterized alkylidene complex 
Tp*WO(CD[-CHCMe;] was prepared by treatment of the otherwise very stable 
carbyne complex Tp*WCl,(=CCMe;) with alumina. It was the precursor of an air- 
and moisture-stable ROMP catalyst. 742 Tp*ML species (M = Mo, W) were part of a 
catalyst system for cyclic olefin polymerization.” 


Tungsten metallacycles, exemplified by the structurally characterized 77, 
and the complex 78, were obtained through amine-induced coupling of carbonyl and 
nitrile ligands, starting with the cationic complex [Tp*W(CO),(MeCN)]*.744 


77 78 


The complex TpW(=N-adamantyl)(=CHPh)(Br) underwent an unusual 
reaction with bromine. The structurally characterized product, showed a net insertion 
of an alkylidyne group into a tungsten-(pyrazolyl nitrogen) bond, as demonstrated by 
the structural feature W=C(Ph)(\1-pz)B.745 Treatment of (TDW(CO)j] with 1,3- 
diiodopropane produced the structurally characterized n?-acyl cyclopropyl complex 
TpW(CO);(n?-COCpr), and the same type of product was obtained from the reaction 
with [TpMoCO);]'. Decarbonylation of these complexes gave rise to the known 
TpM(CO),(n?-allyl) compounds. When TpW(CO),(n?-COCpr) was treated with 
CNBu', two products were obtained: the structurally characterized o-keto-n?- 
iminoacyl complex TpW(CO);[n?-C(COCpr)-NBu'], and the seven-coordinate т\!- 
acyl complex, TpW(CO),(COCpr)(CNBu'). The mechanism of these reactions was 
discussed in detail, and similar transformations where a methyl group was present in 
the place of cyclopropyl, were also investigated.!554 


Unusual dinuclear complexes of structures 79 and 80 where the ligand L 
was (n5-7,8-C;BsH,,) and E was S or Se, were synthesized, and were found to be 
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readily cleaved by donor solvents, but were stable in dichloromethane or toluene. The 
structure of 79 was determined by X-ray crystallography.5? Thioacyl complexes, 
TpMo(CO) (n2-CSR), and related species were also reported.156! 
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Numerous polymetallic clusters were reported, in which Tp* ligands were 
capping a tungsten atom at a corner of the cluster. They were exemplified by the 
following species: Тр№Киз(из-СТоЈ)(СО) 1,746 ТрМоСо›(из-СК)(СО) в,747 
TpWFe(u-PPh;)(CO);,"^5 [TpWRh(u-CMe)((1-CO)(CO)Cp]I[PF;];.79 TpWFe(u- 
CTol)(CO)s,’5° TpWFeRh(H13-CTol)(CO)4(H-MeC2Me)(n-CoH7),’5! and others.752- 
755 Finally, the dinuclear tungsten complex (TpFW(NO)(CINH(CH;);P(Ph;);];Cdl» 
was reported as a world recordholder for a compound with the most elements (ten).756 


2.8 Group 7: Mn, Tc, Re 


2.8.4 Mn 


The first reported homoscorpionate complexes of manganese included Tp;Mn and 
ргТр›Мп,!' and their studies by ѕресігоѕсору,!? Tp*;Mn,!! TpMn(CO); and 
pzTpMn(CO); !6^ the structure of the latter complex,4 and of Tp*)Mn,757 being 
determined more recently. Manganese(IV) complexes, [Tp;Mn]^* and [Tp*;Mn]?* 
were prepared by oxidation of the neutral precursors, and the structure of the 
[Tp*;Mn][CIO,], salt was determined by X-ray crystallography.75 Dinuclear 
complexes ТрМп(р-О)(и-ОСК),МһтТр were synthesized as possible models for 
some manganese enzymes, and the structure of TpMn(u-O)(u-OAc);MnTp,?58 as 
well as its EPR spectra,’5? were determined. This compound was also found to cause 
chemiluminescence of luminol.76° 
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The complexes ТрТсОСІ, and TpTcOBr; were the first technetium homoscorpionates 
reported, and the former was structurally characterized.?1?76! Subsequently both, 
high and low-oxidation states of Tc have been investigated, exemplified by the 
complexes TpTcO; and by TpTc(CO)(PPh;), the structure of which was determined 
by X-ray crystallography.7276? Complexes TpTcO; and Tp*TcO; were prepared 
from Tc;O; and the respective ligands,’ and TpTcO; was found to add ethylene, 
forming the glycolate complex TpTcO(OCH,CH,0), 81.765 As part of a study of 


81 


technetium chemistry, a series of TpM(CO); and Tp*M(CO), complexes (M = Mn, 
Tc and Re) was synthesized, and structurally characterized.56 Irradiation of 
Tp*Tc(CO); together with P(OMe); produced Tp*Tc(CO);[P(OMe);].9? The 
structurally characterized dinitrogen complex, [Tp*Tc(CO);],(U-N5) was obtained by 
irradiation of Tp*Tc(CO), in a nitrogen atmosphere.’ The first technetium complex 
containing a Tc=S bond, TpTc(-S)Cl;, and the analogous Re complex, were 
synthesized by the reaction of TpM(O)CI, with B5S,.769.770 


2.8.3 Re 


In addition to a few studies comparing analogous complexes of technetium and 
rhenium,?!4766.770 much research, especially that of Mayer, was devoted solely to 
rhenium. The structure of TpReO; was determined.””! This compound was reduced by 
triphenylphosphine in the presence of Me3SiX to yield TpReOX; species, which 
reacted with thiophenol to form either TpReOX(SPh) or TpReO(SPh);, both of 
which were structurally characterized, while chelating dithiols such as 1,2- 
ethanedithiol or 1,2-benzenedithiol yielded the appropriate chelate dimercaptides.7?? 
The reaction of TpReOCl with toluidine gave the imido species, TpRe(=NTol)Cl,, 
which upon treatment with ZnEt; was converted to the structurally characterized 
TpRe(=NTol)(Et)Cl.” The complex pzTpReO(OMe), in which the ligand was 
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tridentate, was converted to derivatives in which the ligand was к2: 
pzTpReO(OMe)(AcAc), 82, the dinuclear [pzTpReO(AcAc)],0, [pzTpReO];(u.-O)(u.- 
р2^)›, and similar ones.’”* Analogous reduction of Tp*ReO; with PPh; yielded 
Tp*ReO(OH)CI, from which several aryl thiolates, Tp*ReO(OH)(SAr), were 
prepared, as was the heterobimetallic complex Tp*ReO(OH)(SCéH,-4- 
O)Mo(NO)CITp*.75 The structurally characterized complex pzTpReO; was prepared 
similarly, and it was converted to р2ТрКеОсі,.776 The reduction of pzTpReO; with 
triphenylphosphine produced a compound formulated as [pzTpReO];O, which was a 
convenient starting material for the preparation of pzTpReO(LL) species, where LL 
could be glycolate, catecholate, (OR) or (SR). Structures of the diphenoxy, and 
dithiophenoxy derivatives were determined by X-ray crystallography.””” Treatment of 
TpReOX(OTf), where X = CI, Br, I, with pyridine N-oxide yielded the rare dioxo 
compounds TpReO;X, which slowly disproportionated to TpReO; and TpReOX;. 
The structure of TpReO,Cl was determined by X-ray crystallography, and this 
complex was converted to several TpReO;(OR) derivatives.75 An improved 
procedure for the synthesis of Tp*Re(O)Cl, from Re;O; has been reported.!5?! 


Photochemical activation of TpReO(CI)I in a variety of aromatic solvents 
resulted in the replacement of iodine by an aryl group. The yields were improved by 
the presence of pyridine.77? This reaction was studied in detail and it was found that 
TpReO(Z)I (Z = Cl, I, Ph) species can be used in it, and that a variety of aromatics 
can replace the iodine to yield TpReO(Z)(Ar) derivatives. The structurally 
characterized complex TpReO(Ph) was obtained from either TpReOL, or from 
TpReO(Ph)I.9? When TpReOCI(Ph) was irradiated in the presence of pyridine or of 
other donor ligands, phenyl migration to the oxygen atom took place, yielding 
TpRe(OPh)(CI(L). It was shown that this is an intramolecular process, whereas а 
similar ethyl migration occurred via a radical pathway.’*! The structurally 
characterized oxalate complex, TpReO(C;O,), was prepared by treating 
TpReO(OCHCH,0) with oxalic acid. It underwent photolysis to a very reactive 
four-coordinate rhenium(III) intermediate, TpReO, which was converted to TpReO; 
by oxygen, to TpReOCI; by chloroform, and to various 1,2-diolato derivatives by 
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vicinal діопеѕ.782 The structures of complexes 83 and 84 have been determined by 
X-ray crystallography.75? 
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Irradiation of the oxalate complex TpRe(O)(C20,) in acetonitrile along with 
hexafluoroacetone produced the unusual species, 85, containing the elements of two 
hexafluoroacetone and one acetonitrile molecules.79* The complex 86 was obtained 
on irradiation in MeCN of its precursor, which contained a K?-Tp ligand, and three 
carbonyl groups.785 The ReY complex TpReO(R)(OTf) was formed when TpReOCI; 


85 86 


was treated with ZnR, апа AgOTf, and the structure of this complex for R = Bu" was 
determined by X-ray crystallography. Such complexes were readily oxidized by 
pyridine N-oxide or by DMSO to TpReOs, and to the corresponding aldehyde, but in 
the presence of 2,6-lutidine, cis-2-butene was formed from the n-butyl derivative.78 
Treatment of TpReO(OR), complexes, available from the reaction of TpReOCl and 
alkoxides, with Me;SiOTf, generated the reactive triflate species TpReO(OR)(OTf), 
which were readily oxidized to yield aldehydes and ТрКеО;.787 The structurally 
characterized pzTpReO(OMe), was found to react with many vicinal diols forming the 
corresponding diolates.755 Thermolysis of such diolates, derived from Tp*, was 
shown to produce Tp*ReO; and the appropriate olefin. The activation parameters for 
this reaction were determined, and compared with those for the Cp* апа1ов5.789 
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The reaction of TpReO(Ph)(OTf) with dimethylsulfoxide produced 
[TpReO(Ph)(DMSO))(OTf) which underwent phenyl-to-oxo migration, forming 
[TpReO(OPh)(DMSO)](OTf) and Me;S. The complex [TpReO;(Ph)K(OTf) was an 
intermediate in this reaction. Kinetic and activation parameter data for this reaction 
have been determined.79? The rhenium(V) oxo-hydride complexes TpReO(H)CI, 
Tp*ReO(H)CI, and Tp*ReO(H), were prepared by treatment of the corresponding 
oxo-alkoxide pprecursors with THF-BH;. The structurally characterized complex 
Tp*ReO(H)(O;SCF;) inserted olefins, and was oxidized by oxygen transfer agents to 
Tp*ReO;.?9! 


The carbyne/carbene complex TpRe(=C-Bu')(=CH-Bu')(neopentyl), 87, has 
been reported.7?? From a vibrational study of TpRe(CO); and Tp*Re(CO); complexes 
it was concluded that Tp* ligands are better donors than Cp.’% Irradiation of 
TpRe(CO), in the presence of donor ligands resulted in replacement of one CO, with 
formation of TpRe(CO),(L) species, of which those with L = THF, and L = PPh, 
were structurally characterized."?^ The TpRe(CO) (THF) complex readily lost THF 


87 


and formed a number of adducts: with cyclopentene, an S-bonded one with thiophene, 
and binuclear ones with pyran, naphthalene, and N-methylpyrrole, in each case with a 
trans orientation of the TpRe(CO), fragment. In the absence of other donors, a 
dinitrogen complex, [TpRe(CO);];(N?) was obtained, in which the N—N bond 
length was close to that of free N;.795 Surprisingly, the bromination of TpRe(CO); 
left the carbonyls untouched, instead introducing bromine at the 4-position, forming 
Tp*®'Re(CO)3.7% The complexes TpReHg and TpReH,(PPh;) were the first 
polyhydrides stabilized solely by N-donor ligands.” Treatment of the structurally 
characterized pzTpReO(OMe), with 1,2-, 1,3-, and 1,4-diols yielded the corresponding 
cyclic diolato complexes pzTpReO(diolato), and the synthesis of pzTpReCl; was also 
reported.78 Reduction of k?-pzTpReO; with PPh; in the presence of donor ligands 
yielded rhenium(V) derivatives X?-pzTpReO;L, (L = py, 4-Mepy, 4-(NMe;)py and 1- 
Me-im), and x?-pz TpReO;(P-P) (Р-Р = dmpe, dppe). Similar reactions also took 
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place with k?- TpReO;, and the structures of k?-pzTpReO;(py-4-(NMe;))», and x?- 
TpReO,(dmpe) was determined by X-ray crystallography. By contrast, the reaction of 
[ReO,(py)4]* with KpzTp in dichloromethane resulted in partial ligand degradation, 
and formation of the structurally characterized complex 88, which may be regarded as 
containing the novel ligand (HO)Tp. It contains two hydrogen bridges between 
pyrazolyl groups.799 


88 


2.9 Group 8: Fe, Ru, Os 


2.91 Fe 


The early work with iron homoscorpionates included the synthesis of the octahedral 
Fe! complexes, Tp;Fe, pzTp;Fe, and Tp*;Fe,?'!! the analysis of their spectral and 
magnetic properties,'? and of the spin equilibria in octahedral Tp';Fe complexes by 
means of Móssbauer spectroscopy.500301.14 In general, not much organometallic 
chemistry could be derived from Tp*Fe species, as there was a strong tendency for the 
various organometallic intermediates to be converted into the very stable octahedral 
Tp*;Fe complexes. Nevertheless, the reaction of KTp with Fe(CO)3I(13-allyl) 
produced, in addition to the ubiquitous Tp2Fe, also two isolable novel organometallic 
iron species, namely, TpFe(CO),(COCH=CHCH;) and ТрЕе(СО)(СН=СНСН;).802 
In a similar reaction, TpFe(CO);(n?-C(O)R) was obtained from Fe(CO),(n?- 
C(O)R)I(PPh3) and KTp,503 but such reaction did not take place between KTp and 
Fe(n?-OCNPr',)I(CO)2(PPh3).8 Thermolysis of TpFe(CO);(n?-C(O)R) yielded 
Tp2Fe.80 From KTp, Fe(CO)o, and Mel, the complex TpFe(CO),(COMe) was 
obtained in low yield.8°5 Other reported organometallic iron compounds were 
ТрЕе(Со)(СОМе)(РМез) and к?-ТрЕе(СО)(СОМе)(РМе;);.506 
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Octahedral complexes Tp;Fe and Tp*,Fe,8°” pzTp;Fe,505 (Tp*;FeJ(PF;) 
and (Tp*;Fe]( TCNQ),9? [Tp2Fe](NO3),°!9 (Tp;Fe]( TpFeCl;],*!!, EGN(TpFeCli] 
and EtyN[Tp*Fe(N3)3],8!? and the unusual heteroleptic anionic complex of Сз, 
symmetry, (TpFe(P3O5)]",5? were structurally characterized. The bond lengthening in 
going from low-spin to high-spin in Tp*;Fe was found to be one of the largest 
known.80 The [pz?Tp];Fe complex was also evaluated in a study of size-exclusion 
chromatography.!4 Tp;Fe could be oxidized to Ее! in liquid SO», and was stable on 
the cyclic voltammetry scale.5!5 


Spin equilibria in octahedral Ее! homoscorpionates were studied in detail via 
partial molal volumes,5!5 by means of the intersecting-state model,$!7 through 
Móssbauer spectroscopy under different sets of conditions, 14801.818-821 by means of 
gas-phase photoelectron spectroscopy,9? via resonance and pulsed ultrasonic 
techniques,9? and electrochemically.9^4 The effect of pyrazole ring substitution on 
spin equilibria was investigated, 95 and a study of the temperature and pressure 
dependence of the electronic spin states of Tp;Fe and Tp*;Fe (and of their cobalt(II) 
analogs) was carried ош.#26 An unusual structurally characterized ferraoxetane, 89, 
was obtained by the reaction of KTp with the carbamoyl complex 
Fe(CO);(PPh;(CF;)|CONPr:;].527 


Considerable amount of research was devoted to binuclear Fe!!! complexes of 
the general structure (TpFe];(u-O)(J1-Z)», 90, in which the -Z bridges were usually 
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carboxylato ligands, but could be phosphato, or other bridging anions. They were 
studied as structural and spectroscopic models for the spin-coupled diiron(III) centers 
in hemerythrin and ribonucleotide reductase. The basic model was 90 with Z = OAc, 
which was synthesized and structurally characterized.52552 It could be reversibly 
protonated, and the structure of the protonated cation was established.59? The OAc 
bridges could be exchanged for their deuterated equivalents, and also for (PhO);PO; 
ligands.9?! Properties of [TpFe],(H-O)(H-OAc), were studied by EXAFS, 822-834 by 
resonance Raman spectroscopy,*?5 and were compared with those of the purple acid 
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phosphatase from beef ѕрісеп,826 with the 1,4,7-triazacyclononane analog, 97535 and 
with other carboxylato Fe!!! complexes.539-9? A comparison of structures of 90-type 
complexes bridged with Ph;PO; or (PhO) PO) ligands, showed that the diiron Fe— 
O—Fe core is expanded in both compounds relative to the carboxylate-bridged 
analogs.9? Hydroxo-bridged 90-type complexes with carboxylato, Ph;PO», and 
(PhO);PO; bridges, as well as the complex [ТрЕе}[и-(РҺО) РО» ]з were structurally 
characterized, and compared to the oxo-analogs.844 The complex [TpFe],(H-O)(H- 
OAc), was studied in conjunction with excited-state electron transfer quenching 
involving the exchange coupled Fe!!! іопѕ.845 The same complex was also found to 
catalyze the oxidation of alkanes with dioxygen,*6 while Tp*Fe(OOCCOPh), а 
model of o-ketoglutarate enzyme, was an olefin epoxidation catalyst.847 The Tp 
ligand was used for capping [Fe4S,]*48849 and [VFe,S4] cores in various clusters.550 


2.9.2 Ru 


In contrast to iron, which had relatively little organometallic scorpionate chemistry, 
ruthenium exhibited a rich and varied one, mostly restricted to Ru. For instance, 
ruthenium provided the first examples of structurally characterized heteroleptic 
complexes such as [pzTpRu(C6H6)][PF6],85!:852? TpRu(n$-p-cymene), and similar 
compounds with other aromatics.55? In TpRu(1]°-CgMeg)Cl the Tp ligand was к? and 
CI was covalent, but in the cationic species, Tp was к?.85 The complex (TpRu(n$- 
С;Н,)]* reacted with anionic nucleophiles, X", to yield TpRu(m5-C6H6X) species, of 
which the one with X = CN was structurally characterized, and found to contain a 
non-planar phenyl group.555 The addition of nucleophiles to [TpRu(nS-arene)]*, 
which gave rise to TpRu(n-cyclohexadienyl) species, has been studied by NMR, and 
the structure of the products has been probed by extended Hückel MO calculations, 
with emphasis on the rationalization of the experimentally observed rotational 
barriers of the carbocycles.556 Tp*RuCp species were prepared and studied in 
detail.857-859 The structure of the unusual heteroleptic complex TpRu(PPh3)(B3Hs) 
was established by X-ray crystallography.*%.86! Reaction of Ru!V (aq) with Трк at a 
pH of 2 was studied in the presence of a variety of non-coordinating counterions, and 
it indicated replacement of coordinated water molecules in the tetranuclear Ru!V(aq) 
core, with formation of species, exemplified by H4[(TpRuO )sHpz](NO3)4.8°? 
Synthesis of the complex TpRu(CO)(CH(CO;Me)CH;CO;Me)(PPh;) has also been 
reported.83 А study of the protonation of the Ru—Ru bond in a series of 
L;Ru;Me(CO), species, also included the complex Tp;Ru;(CO),.565 


Dihydrogen complexes of ruthenium stabilized by homoscorpionate ligands, 
as exemplified by TpRu(PR;)(H)H» 956 TpRu(PR3)(H2)H and by Tp*Ru(PR;)(H5) 
were synthesized.58? Hydrogenation of Tp*RuH(COD) produced Tp*Ru(H;)jH 
characterized by analytical and spectroscopic methods, and this compound was 
converted to deuteriated isotopomers.995 Complexes Tp*RuH(H;) and Tp*RuH(COD) 
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(Tp*= Tp, Tp*) had good catalytic activity in reducing unactivated ketones, either by 
H3 or by Н; transfer from alcohols.59? Cationic hydride and dihydrogen TpRu 
complexes, such as TpRuH(PPh;)) and TpRu(H;)(PPh3);, have been reported. The 
hydrogen therein was readily replaced by neutral ligands such as CO, RNC, No, and 
by other related ligands.5? Тһе monohydrides TpRu(H)(PR3) were protonated to 
cations [TpRu(H;)(PR3)]*. Neutral complexes TpRu(H)(H2)(PR3), containing 
fluxional Ru-bonded hydrogens, were reported, as well as structures of the cations 
[TpRu(N;YPEt;);]* and [TpRu(H,O)(PMePr',),]*.87! The complex TpRuCl(dippe), 
where dippe is 1,2-(diisopropylphosphino)ethane, reacted readily with l-alkynes 
yielding vinylidene species, and structures of two such complexes 
[TpRu-C(OMe)CH;COOMe(dippe)][BPh,] and [TpRu(C=CC(Ph)=CH,)(dippe)], 91, 
were determined by X-ray crystallography.57? TpRuH(dippe), and also TpRRuH(PPh3) 


were converted to dihydrogen adducts on protonation. Of these two, the dippe 
derivative was more stable, and it was structurally characterized.5?? Protonation of 
TpRu(CO)(H)(PR;) converted the hydride ligand to (H3), yielding the cation 
[TpRu(CO)(H,)(PR3)]*.8”4 Similarly, protonation of TpRuH(dppe) produced the 
monocationic dihydrogen complex [TpRu(H;)(dppe)]*. A comparison of the acidity 
of such monocationic and dicationic complexes, showed the dicationic complexes to 
be more acidic than their monocationic counterparts.55 A Ru—Ru bonded dimer, 
[TpRu(CO);], was structurally characterized.975 Its electrochemical oxidation resulted 
in Ru-Ru bond cleavage, and the formation of cationic [TpRu(CO),L]}* species, L 
being a solvent molecule.57 Other complexes, such as TpRu(CO);X (X = Cl, Br, I) 
have been reported," as well as the acetyl complexes TpRu(CO)(COMe)(PMe;) and 
TpRu(CO)(COMe)(PMe;);, the latter being к2.80 The structurally characterized 
complex k?-TpRuH(CO)(PPh3)> lost PPh; on heating, being converted to x?- 
TpRuH(CO)(PPh;), and the same happened with the CS analog. Treatment of x2. 
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TpRuH(CO)(PPh;); with a copper(I) salt produced cleanly the binuclear 
[TpRuH(CO)(PPh;)][CuPPh;], containing a Ru—Cu bond, and a Ru—H—Cu 
Ъгійве.#79 The structurally characterized TpRu(S;CNMe>)(PPh3) was converted by 
[То1$]› and Zn dust to the trinuclear [(TpRu(PPh;)(Ji-STol);) Zn.550 


Complexes TpRu(X)(COD), where X was H or Cl have been readily 
synthesized.5?! Alkylation of TpRu(Cl)(COD) with Et; Al, Et;Mg, or EtLi produced 
mainly two products: the Ru-alkyl, TpRu(Et)(COD) and the hydride, TpRuH(COD). 
Using AlMe;, the methyl derivative, TpRu(Me)(COD) was obtained.5?? In the 
complex Tp*Ru(Me)(COD), the Tp* ligand was coordinated in bidentate fashion, and 
the molecule contained an agostic B—H—Ru bond.**3 Complexes TpRuCl(PhCN), 
and pzTpRuCl(PhCN), were catalysts for olefin hydrogenation,**4 and also starting 
materials for numerous derivatives, including the cation [pzTpRu(CO);]*.8* Solid 
Tp,Ru absorbed chlorine gas in redox-fashion, and released it on heating in 
vacuo.88 Ruthenium(III) complexes of the Type Tp*Ru(NO)CI, were synthesized, 
and characterized by 2D NMR.5*' Numerous other complexes of structure 
TpRu(CO)(PPh3)(R), where R was a substituted vinyl or aryl group, were prepared, 
and structures for R = p-tolyl, and for R = [-C(C=CPh)=CHPh] were determined by 
X-ray crystallography.55555? An unusual route to Ru-alkyls entailed the reaction of 
TpRuCl(PPh;)(MeCN) with NaBH, іп primary alcohols, RCH;OH, producing 
readily alkyl carbonyl complexes, TpRu(CO)(R)(PPh3). The ruthenium hydride, 
TpRuH(H3)(PPh;), was also reported.59? The hydride in TpRu(CO)H(PPh;) was 
replaced by chloride which, in turn, could be replaced by CO, RNC, Р(ОМе); or 
PMe;, and the structure of the cation [TpRu(CO)(PMe:)(PPh;)]* was established by 
X-ray crystallography.5?! Ring opening metathesis polymerization of norbornene 
was effectively catalyzed by the complex TpRu(-C-CHPh)(CI)(PPh;).5?? Removal 
of chloride ion from ruthenium(II) alkylidenes TpRu(=CHPh)CI(PCy,) in the 
presence of donor ligands, yielded cationic species, which did not catalyze olefin 
metathesis reactions, but TpRu(=CHPh)CI(PCy;), 92, catalyzed ring-closing 
metathesis in the presence of НСІ, CuCl, or AICI,.59? The unusual cyclopropene 
complex, 92а, and some of its transformations have been reported.!54! 
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Kirchner used TpRuX(COD) as an entry point to various TpRu derivatives, 
converting it first to cationic complexes [TpRu(COD)L]*, from which COD could be 
replaced by chelating donor ligands. Some of the resulting complexes showed 
catalytic activity in the coupling of HC=CPh with PhCOOH.*? Carbon-carbon bond 
formation was achieved by the treatment of TpRu(COD)CI with HC=CR, which 
gave rise to n3-butadienyl and n?-butadiene complexes. Their chemistry, and the 
reaction mechanism of their formation were studied.595 This coupling reaction was 
covered in more detail, employing complexes of the type TpRuCl(L)(L'), where L 
and L' were P, N, or O donors. Among them, the most efficient catalyst precursor for 
dimerization was TpRu(PPh;);. In the absence of phosphine ligands polymerization 
occurred, with TpRu(COD)CI being the most efficient catalyst precursor. The 
catalytically active species was assigned the structure TpRu(L)(-C=C-R), and this 
species was trapped in one specific case as TpRu(PCy3)(-C=C-Bu)(CO), 93.596 A 
TpRu vinylidene complex, the structurally characterized [TpRu(tmen)=C=CHPh]*, 
94, where tmen was Me;NCH;CH;NMe,, resulted from the treatment of the cation 
[TpRu(tmen)(solvent)}* with HC=CPh. The type of bonding involved was analyzed 
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by extended HMOP calculations.5?? Similar cationic complexes were prepared using 
Ph;PCH;CH;NMe; (= pn) instead of tmen.59? Their reaction with HC=CR (R = 
COOEt, Ph, CH>Ph) led to novel coupling products, with loss of HNMe», and 
formation of complexes TpRu(CI)[-(P,C,C)-Ph;PCH-CHC(R)-CH;)].59? Regio- 
and stereoselective C—C coupling with terminal acetylenes was achieved through 
facile y-C—H bond activation in phosphinoamine ligands of TpRuCl(L) complexes. 
The novel products thus obtained may be exemplified by TpRuCI[K*(P,C,C)- 
Ph)PCH,CH(NEt,)CH=CHR)], and by related structures. These couplings took 
place, depending on the steric requirements of R, either at the internal or terminal 
carbon atom of the acetylene molecule.% A variety of vinylidene complexes of 
structure TpRuCl(PPh3)(=C=CHR) was obtained from TpRuCl(PPh;)(DMF) and 
diversely substituted l-alkynes. The vinylidene moiety was labile, being easily 
replaced by СО, РК; апі by other nucleophiles.%' The complex 
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reacted with several terminal alkynes forming vinylidene derivatives, such as 
TpRuCl(PCy3)[=C=CHR], some of which catalyzed the dimerization of terminal 
alkynes.902903.1562 The formation of structurally characterized trans-diene complexes 
in TpRu moieties was achieved by first oxidizing TpRuCI(COD) to a Ru! species, 
followed by addition of the diene in the presence of zinc.??* 2-Acetamidopyridine 
replaced COD from TpRu(COD)CI, and reaction of the resulting product with 1- 
alkynes yielded cyclic amido carbene complexes of general structure 95.905 


or 
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An example of ruthenium coordinating to a bis-bidentate pzTp ligand was 
the dinuclear complex (PPh3)(CO)(MeCN)Ru[(pz)2B(pz)2)Ru(PPh3)Cl(CO)(MeCN), 
in which one ruthenium was 5-coordinate and the other was six-coordinate.?06 
Dinuclear complexes [ТрКи]›(и-О)(и-ОАс); and [ТрКи)›(и-ОН)(и-ОАс)›, displaying 
a wide range of redox processes, were prepared and structurally characterized," and 
the reactivity of the complex TpRuCI(PPh;); was explored in considerable detail.!558 


2.9.3 Os 


The scorpionate chemistry of osmium has been studied less than that of ruthenium. 
Earlier examples included x?- TpOsH(CO)(PR), k?-TpOsH(CO)(PR3)o, [x?- 
TpOs(CO)(PR3)(k?-H2)][PF¢] and its k?-HD analog,’ as well as the structurally 
characterized complex TpOs(sCBu')(CH;Bu');.99!? An additional example of a 
dihydrogen complex, [TpOs(H;)(PPh3);]*, was prepared from TpOs(H)(PPh;); and 
HBF,. It was more acidic than the Cp analog, but less so than its Ru equivalent.?!! 
Also reported were the dinuclear complexes [TpOs(CO);]; and [pzTpOs(CO);];. 
having Os-Os bonds, which were converted by bromine in good yield to mononuclear 
Tp*Os(CO) Br species.56 The complex x?-TpOs(Ph)(CO)(PPh;); lost PPh; on 
heating, yielding K?-TpOs(Ph)(CO)(PPh;).8” Similarly, x?-TpOsH(CO)(PPri,), lost 
one phosphine ligand, being converted to x?- TpOs(H)(CO)(PPr';), which could be 
protonated to [K?- TpOs(H;)(CO(PPr^)], from which H, could be displaced by 
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acetone, forming K?- TpOs(k!-OCMe;)(CO)(PPr';).37^ The structure of the nitrido 
derivative Tp*Os(zN)Ph; was determined by X-ray crystallography.?!? Treatment of 
the nitrido complex TpOs(zN)Cl; with PhMgCI resulted in direct addition of the 
carbanion to the electrophilic nitride, producing [TpOs(2NPh)Cl;], which was 
protonated to the structurally characterized amido derivative TpOs(NHPh)CI;. When 
a large excess of PhMgCl was used, then compounds TpOs(NHPh)CIPh and 
TpOs(NHPh)(Ph) were obtained.?!? Another unusual reaction of TpOs(=N)Cl, was 
the addition of triphenylborane to the nitrido nitrogen, producing TpOs([- 
N(Ph)BPh;]Cl,, іп the structure of which one СІ was coordinated to boron, forming 
а four-membered ring. Hydrolysis of this compound yielded TpOs(NHPh)CL,;. In an 
analogous reaction of TpOs(=N)Cl, with PhOBPhy, the product was the structurally 
characterized complex, TpOs[-N(Ph)B-O-BPh;]Cl;.?!^ Synthesis of the hydride 
complex, TpOsH(PPh3), from TpOsCI(PPh;); and KOH in 2-methoxyethanol has 
also been explored.!558 Heating of x? TpOs(CO)(CH-CHR)(PPh3); produced the 
tridentate complex к? TpOs(CO)(CH-CHR)(PPh;) !36! 


Amongst other reported osmium species was the mixed-valence compound 
TpOs"C1,(N=N)C1,0s"Tp,?!5 from which the rather unusual complex, 
[pz'€BpJOsCI;(NEN)CI;Os[pz*C!Bp], was obtained and characterized by X-ray 
crystallography,?! and the anionic species [TpOsCl3}-.2'7 Electrochemical reduction 
of ће OsV! complex, TpOs(Cl;)eN, yielded the ammine species, TpOs!!(CI; (NH), 
which could be reoxidized to the starting material?! The complex TpOsCl,(NS) has 
also been ргерагей.9!9 An interesting trimetallic species [TpOs(Cl;)eN];CoCp, 96, 
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has been obtained from TpOs(Cl,)=N and the diene complex СрСо(С;Н;-С,Е;). Its 
structure showed both nitrido nitrogens bonded to cobalt, in a manner similar to other 
CpCoL, complexes, and it contained essentially linear Os-N-Co bonds. The complex 
TpOs(Cl,)=N also reacted slowly with РІСІ,(Мез5), displacing one Me;S, and 
forming the adduct TpOs(CI;)eN-PtCl;(Me5S), in which platinum was in a square 
planar environment, as was determined by X-ray сгуѕіаПортарћу.?20 
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2.10 Group 9: Co, Rh, Ir 


2.10.1 Co 


Cobalt homoscorpionates were some of the earliest such complexes reported, and 
included Tp;Co, pzTp;Co,!? and Tp*;Co.!! They were studied by spectroscopy,!? 
their paramagnetic resonance spectra were recorded and analyzed,??! as were their 
isotropic nuclear resonance shifts??? the theory of which was discussed.9”3 Tp,Co 
was the first homoscorpionate complex structurally characterized by X-ray 
crystallography.!5 The paramagnetism of this complex led to a number of studies 
concerned with its second-sphere coordination by pyridine or aniline,9259?5 by nitro 
compounds,’ and even by saturated hydrocarbons.” Ligand field parameters for the 
Со!! complex, [Tp;Co][CIO;] were determined.*!5 The related homoleptic and 
heteroleptic complexes, [Tp;Co](PF;], [TpCo(tacn)][PFs]; and [(TpCoCl(dien)](PF;] 
were prepared, studied by spectroscopy, and were structurally characterized.’ The 
extremely unstable chlorine-bridged dimer, (TpCoCI];, was reported,*°8 as was the 
complex [Tp;Co][Sn;CosCl;(CO);],?2993? and also the stable heteroleptic TpCo 
complexes with carbocyclic ligands, [TpCoCp]* , 97, and TpCo[Ph,C,], 98.!?! All 
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attempts to prepare a heteroleptic complex involving a carbollide ligand, produced the 
salt [Tp;Co][commo-3,1,2-Co(3, 1,2-C;B5H ,)].??! In order to prepare synthetic 
approximations to a proposed active site in the cobalt(II)-substituted blue copper 
proteins, complexes Tp*Co(L) (L = СЕ, SCsHy-p-NO>, O-ethylcysteinate) were 
synthesized, and studied by spectroscopy, while the structure of Tp*Co(SC,Fs) was 
determined by X-ray crystallography.!556 


The only reported complexes containing alkyl groups on Tp*Co moieties of 
the "first generation" homoscorpionate ligands were of the general structure 
Tp*CoCp(R,) where Ry were various perfluoroalkyl groups. In all these complexes 
the Tp* ligands were bidentate and Cp was n$. In some cases separable, and in others 
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inseparable, conformational isomers were present. On the other hand, tetrahedral 
Tp*CoR complexes were readily available from several homoscorpionate ligands of 
the "second generation", as shown in Chapter 3. 


210.2 Rh 


The first homoscorpionate complexes of rhodium were prepared by the reaction of the 
Tp* ligand with RhCI(LL) dimers, where LL was a diolefin, (CO); or a combination 
of other ligands,+933-93° and the structure of [pzTp]RhI,CO was determined by X-ray 
crystallography.??? Protonation of Tp*Rh(CO) occured on the nitrogen, and the 
structure of the product [(k?-Tp*H)Rh(CO),][BF4] was determined by X-ray 
crystallography,°38 as was that of TpRhI(PPh3)Me.%? The !°3Rh chemical shift 
anisotropy relaxation was studied for the compound (pzTp]Rh(COD),% and !Rh 
NMR studies were also done on a variety of [pzTp]Rh(diolefin) complexes, including 
those of COD, NBD and duroquinone.?4!-?9 A wide range of Rh!!! alkyl complexes 
of general structure Tp*RhCI(CNCH;BuR ( R = Me, Pr, Ри, vinyl, cyclopropyl) 
was prepared by the reaction of RMgX with Тр*КҺСІ,(СМСН,Ви!), and the complex 
Tp*RhCL(PMe;) was structurally characterized.44 


Graham studied the photochemistry of Tp*Rh(CO), in aromatic or aliphatic 
solvents and found C—H bond activation, with oxidative addition of benzene or of 


Tp*Rh(CO); * R-H (or Ar-H) — Tp*Rh(CO)(H)(R or Ar) + COT 2.6 


the alkane.945 Tp*Rh(CO)(n/?-alkene) reacted thermally in benzene with displacement 
of alkene, and activation of the benzene C—H bond, forming Tp*Rh(CO)H(Ph).946 
This reaction could also lead to ethylene insertion, producing the structurally 
characterized Tp*Rh(CO)(Et)(Ph). Under carbon monoxide pressure, this complex 
was converted to Tp*Rh(CO)[C(O)EtJ(Ph).?" The quantum efficiency for this 
reaction in n-pentane was calculated,’ and the reaction was studied in detail, and 
found to be very efficient, and extremely wavelength dependent.°49-95 Studies of this 
reaction in argon and methane matrices at about 12 K indicated that it started with 
CO loss, followed by dechelation of one pz* arm of the Tp* ligand. In a nitrogen 
matrix, a № complex was formed. Only at higher temperatures was C—H bond 
activation observed.95? By using ultra-fast IR spectroscopy it was possible for 
Bergman to establish the femtosecond dynamics of the C—H activation process, 
which proceeded through loss of CO followed by a number of steps, and to assign the 
intermediate structures and the energy barriers for each specific reaction step.95^ The 
photochemical reaction of Tp*Rh(CO), to activate C—H bonds was analyzed, and 
compared with that of the Cp and Cp* analogs.55 When photolysis of 
Tp*Rh(PMe3)(C?H,) was carried out in thiophene, the products were 99 and 100, 
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corresponding to C—H and S—C bond activation, respectively. At higher 
temperatures, complex 100 became the almost exclusive product.956 A rather similar 


99 100 


photolytic reaction took place with Tp*Rh(CN-CH;Bu') (PhN-C-N-CH;Bu!), which 
upon irradiation in alkanes or arenes yielded products arising from the elimination of 
the carbodiimide ligand, and formation of a C—H oxidative addition product.957-959 
The thermolysis of such a product, Tp*Rh(CN-CH,Bu')(Ph)(H), in benzene in the 
presence of excess isocyanide produced Tp*Rh(CN-CH;Bu"),, and the mechanistic 
aspects of this reaction were studied in detail.% The structure of Tp*Rh(CN- 
CH,Bu'), showed the Tp* ligand to be x?.9! The 1,3-dipolar cycloaddition of phenyl 
azide to Tp*Rh(CNR), gave rise to Tp*Rh(CNR)(n?-PhN-C-NR), the photolysis of 
which in benzene produced Tp*Rh(CNR)(Ph)(H). These reactions, and related ones, 
were investigated,99? with emphasis on the energetics of homogeneous intermolecular 
vinyl and allyl carbon-hydrogen bond activation by the l6-electron species 
Tp* Rh(CNCH;CMe;).!52 


The thermal reaction of Tp*Rh(C;H4); with CO, PMe;, or Bu'NC resulted 
in the replacement of one ethylene, and formation of Tp*Rh(C;H4)(L), while with 
acetonitrile or pyridine the ethyl/vinyl derivatives, Tp*Rh(EO(L)(C;Hs), were 
formed. They reacted thermally with benzene, producing Tp*Rh(Ph)(Et)(L). It was 
suggested that the mechanism of these transformations might involve Rh!!! 
intermediates, although only Rh! species seemed to be involved in the activation of 
benzene.9 Theoretical studies of the relative stability of ?-ethene and hydridovinyl 
Tp*Rh(CO)(C;H,) complexes indicated that the favored species were x?- Tp*Rh(n?- 
C;H,).99! Oxidation of Tp*Rh(CO)(PPh3), which was prepared by heating x?- 
Tp*Rh(CO); with PPh;, yielded the stable Rh! cation, [X?-Tp*Rh(CO)(PPh;]*, the 
structure of which was determined by X-ray crystallography.955 In the complex 
Tp*Rh(CO)(PMe;) the Tp* ligand was found to be x?.% Several heteroleptic 
complexes, such as TpRh(C;H,;BPh),95"-3- TpRh-(3,1,2-C;BsH,,), closo-2-TpRh- 
(Q2,1,7-C3BsH,,),?! and [TpRhCp*]-,'9! were also reported. 
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The reaction of TpRh(C;H4); with PPh3, afforded TpRh(C;H4)(PPh;), in 
which there was an equilibrium between к? and к? coordination of the Tp ligand. 
Hydrogen displaced ethylene from this compound, producing TpRh(PPh;)H, 969 The 
к2-к? isomerism in Rh! homoscorpionates was studied by IR spectroscopy for a 
series of Tp*Rh(LL) complexes, including Tp*. Three types of structures were 
present in varying amounts: a k?-structure, a K?-structure with the third pz* in axial 
position, exchanging with the two coordinated pz* groups, and a K?-structure with 
the third pz* group in the equatorial position, not exchanging with the coordinated 
pz* groups. The last structure was favored when bulky (LL) and Tp* ligands were 
present.!!^ The bulkiness of the Tp* and (LL) ligands played a crucial role in the 
catalytic activity of Tp*Rh(LL) complexes toward stereoregular polymerization of 
phenylacetylenes, including those with a variety of substitutents in the para- 
position.°© Experimental evidence was obtained for the presence of methane sigma- 
complexes prior to the dissociation of methane in the reductive elimination reaction 
from complexes of the type Tp*RhMe(H)(L).!556 


A very useful starting material for TpRh chemistry was TpRh(PPh;);, 
obtained readily from Трк and RhCI(PPh;); . It reacted with dimethyl 
acetylenedicaboxylate to yield 101, it formed a CS, complex TpRh(n?-SCS)(PPh;) 
which, upon the reaction with Mel in HCCI; produced the carbene 102, and it was 
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converted by dimethylthiocarbamoyl chloride to 103. The structures of these 
complexes were established by X-ray crystallography. Other transformations of 
TpRh(PPh;);included its reaction with oxygen, forming the complex 
TpRh(PPh3)(O), the reaction with ethylene, which produced the compound 
TpRh(PPh3)(CH)=CHy), and its conversion by COD to ТрЕҺ(СОР).970 


Cyclopropane added to the transient species Tp*Rh(CNCH,Bu!) yielding the 
hydrido cyclopropyl derivative 104, which rearranged to the structurally characterized 
rhodiacyclobutane 105, and this compound added stepwise isonitrile, CNR, being 
converted to 106. The propylene complex, Tp*Rh(CNCH;CMe;)(H;C-CHMe), 
was produced upon pyrolysis of 105.97! 
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104 105 


The nature of the various types of hydrogen bound to homoscorpionate 
rhodium complexes was studied using several techniques. The first "non-classical" 
polyhydrido complex stabilized by a nitrogen donor ligand, Tp*Rh(H;)H;, was 
reported by Venanzi,?” and characterized via 2D-(!H,'?Rh)-NMR. The nature of the 
Rh-H) bond in the above complex was investigated through inelastic neutron 
scattering spectroscopy. The H—H separation, and the barrier for rotation of the Н; 
ligand were determined.?? A density functional theory study established the 
dihydrogen-dihydride structure in Tp*Rh(H;)H;.?* Protonation of the hydrogen 
complex Tp*Rh(PPh;)H; afforded the cation [TpRh(PPh;)(H;)H]*, which was 
formulated as having a fluxional dihydrogen-hydride structure, as it exhibited a single 
hydrogen resonance in the ЇН NMR at all accessible temperatures .975 


Oxidative addition of allyl bromide to Tp*Rh(L,L') complexes occurred with 
diminishing ease for complexes with L = MeCN, L' = cyclooctene; L = MeCN, L' = 
ethylene; and L,L' = COD. The initial product was the o-allyl complex, which could 
be converted to the ?-allyl derivative, Tp*RhBr(n?-allyl). This complex reacted 
readily with nucleophiles, forming products exemplified by Tp*RhH(n?-allyl) and 
Tp*RhMe(n?-allyl), respectively.?” Synthetic routes to complexes Tp*RhCl2(L) for 
Tp and Tp* (and for other Tp* ligands), where L was MeOH or Hpz*, were 
reported.’ 


2.10.3 Ir 


The homoscorpionate chemistry of iridium resembles, up to a point, that of rhodium, 
and analogous Rh and Ir complexes were often prepared in pairs. Protonation, leading 
to TpIr(PR3)H3, proceeded as with the Rh analog, but the H—H bond lengths in the 
Ir complex were longer.’?5 Triphenylphosphine displaced one ethylene from 
Tp*Ir(C;H4);, forming TpIr(C;H,)(PPh;), which showed no exchange of the axial 
and equatorial pyrazolyl arms, while the complex TpRh(C;H,)(PPh;) did show such 
an exchange on the NMR time scale.?55 A variety of five-coordinate, 18 electron 
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complexes Tp*Ir(CH;-CH;)(L), 107, for Тр and Tp* was prepared, and shown to be 
unstable with regard to their hydride-vinyl isomers, 108. The hydrido vinyl complex 
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Tp*Ir(H)(CH=CH))(PMe Ph) was structurally characterized.9’8 Protonation of 
Tp*Ir(CO), took place at the metal, forming a cationic Ir!!! hydride, in contrast to the 
Rh analog, where the uncoordinated nitrogen was protonated.?8 Ab initio quantum 
mechanical calculations, carried out for the reaction Tp*M(CO)(C2H4) > 
Tp*M(CO)(H)(C>H3), agreed with the experimental findings, that iridium favors the 
hydrido vinyl species, while rhodium favors the ethylene complex.?5* The equilibria 
between the к? and к? coordination modes of Тр, Tp*, and other Tp* ligands in 
Tp*Ir(COD) complexes were studied by NMR, and the structure of x?-TpIr(COD) 
was determined by X-ray crystallography.?? Electrophilic cationic ethylidene 
complexes of Ir!! were prepared through the В-сагбоп protonation of Tp*Ir 
H(CH=CH,)(PMe;), itself obtainable through the thermal reaction of the Ir! species, 
Tp*Ir(CH5-CH;)(PMe;). The comparative o-migratory insertion processes for 
hydride and ethyl groups in the intermediate species, [Tp*Ir H(PMe;)-CHMe]*, were 
studied in detail.%8° 


Compounds pzTpIr(COD) and pzTplr(CO); were prepared by the metathesis 
route from the corresponding chlorine bridged dimers.’®! Hydrogenation of 
Tp*Ir(COD) produced the stable, structurally characterized, Tp*IrH;(COE) (COE = 
cis-cyclooctene), or Tp*IrH;(COD), depending on the pressure used. The complexes 
Tp*Ir(C3H4); and Tp*IrH;(C2H;) were prepared similarly.99? Protonation of Tplr(o- 
CgH)3)(1?-CgH,4) afforded the structurally characterized cation [Tplr(H)(o-CgH;)(n?- 
C4H,4)]*.?8 Photolysis in benzene of Tp*IrH;(COE) in the presence of P(OMe); 
produced Tp*IrH(Ph)[P(OMe)], while in ether, t-butyl acrylate gave rise to the 
complex Tp*IrH;(CH;=CHCOOBu!), in each case the intermediate being the 16- 
electron Tp*IrH, species.°84 A more detailed study of the above reaction, and of the 
photolysis of Tp*Ir(COD) in methanol, produced a mixture of Tp*IrH, and 
Tp*Ir(CO)H, in each case, and it was shown that methanol is the source of the CO 
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and hydride ligands, and that a common intermediate is involved for both 
reactions.985 TpIr(C2H,4)2 reacted with carbon monoxide, forming either 
Tplr(C;H4)(CO),?55 or TpIr(CO),,°87 and with methyl acrylate (MA), to yield 
Tplr(CoH4Y(MA). Upon irradiation this complex was converted to the hydrido vinyl 
species TpIrH(n'-C;H3)(n?-C5H,4).99 Thermolysis of Tp*Ir(C;H4)? produced the 
hydrido allyl complex Tp*IrH(n?-CH;CHCHCMe), formed through a hydrido vinyl 
intermediate.955.98? That intermediate also activated the oxygen-adjacent hydrogens in, 
for instance, THF, forming Fischer-type carbene derivatives, also containing a 
hydrogen and butyl group on iridium, viz. Tp*IrH(Bu)(C4H,0).9% 


Carmona has also demonstrated that heating Tp*IrH(C;2H4)(C;H4) under 
nitrogen in benzene produces the dinitrogen complex, Tp*Ir(Ph)(N>), which under 
additional nitrogen pressure yields the structurally characterized dinuclear complex 
[Tp*Ir(Ph);]o(J1-N3). The reaction of Tp*Ir(Ph);(N;) with CO or with PR; led to 
Tp*Ir(Ph);(L) complexes, while with THF the carbene Tp*IrH(Ph)(C4HgO) was 
obtained.??! Thermolysis of Tp*Ir(C2H,), in thiophene resulted in the replacement of 
both ethylene molecules by two 2-thienyl groups, and one coordinated intact 
thiophene molecule, producing Tp*Ir(2-thienyl);(SC4H4), which could be 
hydrogenated to Tp*IrH;(SC4H,), and this complex on heating gave rise to the 
structurally characterized dinuclear 109.992 The above reaction was studied in more 
detail, being also extended to 2-methylthiophene and 3-methylthiophene, which were 
activated just like thiophene. The S-bonded thiophenes could be readily replaced with 
CO or with PMe3, and the structure of Tp*Ir(2-SC,H4)CO was established by X-ray 
crystallography. Thermal activation of several substituted thiophenes by Tp*Ir(n?- 
H;C-(Me)C(Me)-CH;) was also studied.’ Tp*Ir(C;H,) has also been converted to 
Tp*Ir(C;H4)(EQ(MeCN) which, in the presence of water, condensed to the 
iridapyrrole, 110.994 


109 110 


Proton donors such as ROH or even water, added to TpIr(CO), producing 
complexes TpIr(H)(CO)(COOR) and TpIr(H)(CO)(COOH), respectively. The latter, 
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on heating in MeCN, formed the dihydride TpIrH;(CO).995 Primary amines added in 
similar fashion, forming carbamoyl derivatives ТрігН(СОҲ(СОМНК). 9% In an 
unusual reaction, Tp*Ir(C;H4)(PPh;) reacted with excess PPh;, yielding a product, 
with one pyrazolyl ring cyclometallated in the 5-position, in equilibrium with the 
starting material.997 


A variety of diene complexes having the general structure Tp*Ir(1,3-diene), 
with Tp* being Tp or Tp*, and the dienes being butadiene, 2-Me-butadiene, 2,3- 
dimethylbutadiene, cyclopenta-1,3-diene and cyclohexa-1,3-diene, has been 
synthesized, and their chemistry was investigated in detail. Photolysis of 
Tp*Ir(H;C-C(Me)C(Me)-CH;) produced the n?-allyl complex [Tp*Ir(H)(n?- 
CH;C(C(Me)-CH;)CH,]. On the other hand, thermal activation of benzene by 
Tp*Ir(H;C-(Me)C(Me)-CH,) yielded the N;-bridged (Tp*IrH(Ph)];(i-N2).998 The 
thermal reactions of TpIr(olefin); and Tp*Ir(olefin), leading to hydrido m?-allyl 
species were very thoroughly examined, and a mechanism for the observed 
transformations has been proposed, involving sequential olefinic C—H bond 
activation and C—C coupling of alkenyl and olefin ligands, while maintaining the 
same iridium(III) oxidation state throughout all these processes.” The 
Tp*Ir(H;C-(Me)C(Me)-CH;) complex was also found to activate aldehydes 
producing, in the case of p-anisaldehyde, the complex 111, which was obtained upon 
heating of the intermediate 112.1000 
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Various iridium polyhydrides, exemplified by TpIrH;(PMe;), by 
[TpIrH3(PMe;)]*,!0! and by Tp*IrH,,!°? were studied by NMR. It was established 
in this fashion that the structure of Tp*IrH4, which was prepared in excellent yield 
upon hydrogenation of Tp*Ir(C;H,)», is best represented in solution as a distorted 
octahedron, which is capped with a hydride ligand, as shown in 113. The related 
SiEt; derivative, 114 ‚уаз also synthesized, and it was structurally characterized by 
X-ray crystallography.56* 
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113 114 


2.11 Group 10: Ni, Pd, Pt 


2.11.1 Ni 


Apart from the early reports of Tp;Ni, pzTp2Ni, !? and Tp*;Ni,!! and spectral 
studies thereof,!3°2? the organometallic complex TpNi(n?-allyl) was prepared and 
structurally characterized.!9? A dinickel complex containing, in addition to other 
ligands, a Ni—Ni bond, with each Ni bonded also to a pz group of one Tp (the third 
pz group being uncoordinated), has also been reported.!99* From NiX(R)(PMe;) and 
KTp or KTp*, the complexes Tp*Ni(R)(PMe;) were obtained, in which the Tp* 
ligands were к?, although a distant Ni--N interaction with the third pz* arm was 
observed. !5 Also prepared were Tp*Ni(NO), Tp*Ni(O-ethylcysteinato) and the salt 
K[Tp*Ni(cysteine)], with the five-coordinate Tp*Ni(O-ethylcysteinato) being 
structurally characterized. This complex reacted rapidly with Оз, which led to 
cleavage of the Ni—S bond.'534 


2.11.2 Pd 


The first palladium homoscorpionate complexes were TpPd(n}-allyl) and pzTpPd(n?- 
allyl), in which all pz groups were equivalent in the NMR, spectrum, and thus 
rapidly exchanging.* The structure of TpPd(n?-allyl) was established by X-ray 
crystallography.!996 The complex pzTpPd(n}-allyl) contained two coordinatively 
active pz groups, and formed the spiro cation [(m?-allyl)Pd(ui-pz);B (u-pz);Pd(nj- 
allyl)}*3!! and related ones.!9? A series of similar mono- and dinuclear Рі! and Pt! 
T?-methallyl complexes was synthesized, and studied by NMR.!8 The preparation 
of the complex [pzTp]Pd[n?-CH;C(CH;CICH;], and its conversion to [pzTp]Pd[n?- 
CH;C(CH5SO;Ph)CH;] has been reported. !™ The structurally characterized Tp>Pd 
complex contained square planar Pd, with bidentate Tp ligand.!°!0 NMR studies 
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indicated a similar structure for [pzTp];Pd.!9!! The complex TpPd(PPh3)(COFc) and 
its pzTp analog were studied by NMR and electrochemically,'°!? while some Pd(II) 
complexes of pzTp were investigated by 'H-!3C COSY NMR.!0}3 


Many cyclopalladated and related organopalladium compounds, were 
derivatised as Tp or pzTp complexes in which the Tp* ligand was bidentate, as was 
established for many of them by X-ray crystallography.!014-102! In the Tp* 
derivatives of a 2-picolyl-bridged complex, both Tp* ligands were bidentate, but pzTp 
retained the dimer structure in 115. This dimer was cleaved by [Tp]', producing, in 
the presence of PPh;, the complex 116.192? 
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Different products were obtained from the reaction of dimers [LPdCI;]; with 
PZTpK, including mono- or dinuclear, neutral or cationic species, depending on the 
nature of L.!9?3 The structurally characterized dinuclear [TpPd];(ui- ArNC);, where Ar 
was mesityl, also contained a Pd-Pd bond.!°4 Complexes pzTpPd(Me)(PPh;), 
pzTpPd(Ph)(PPh3) and TpPd(Ph)(PPh;) were also structurally characterized.!006 
Oxidation of the anion (TpPdMe;] with [PhCOO], in the presence of PPh; yielded 
TpPdMe; and TpPdMe(PPh;), while oxidation with [PhE], gave rise to 
TpPdMe,(EPh), where E was О or 5.1025 


Among the complexes of palladium(IV), the simplest ones, TpPdMe; and 
[pzTp]PdMe; were structurally characterized, as was the mixed complex TpPdMe;Et. 
TpPdR; complexes containing various combinations of the three organyl groups on 
Pd (Me, Et, Ph, o-allyl, benzyl, and 1,4-butylene) were also reported.10261023 The 
palladacyclopentane complex, (TpPd(C4Hg)] was oxidized to palladium(IV) species 
by water, by H5O», or by halogens, and the structures of TpPdMe;(OH) and 
TpPd(C4Hs)(OH) were established by X-ray crystallography.1029.1030 The hydrogen 
bonding of the aquapalladium(IV) group in TpPd(C4Hg)(OH) to m-cresol and to 
pentafluorophenol was studied by X-ray crystallography.!03! 
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2.11.3 Pt 


Homoscorpionate ligands stabilized five-coordinate РП complexes of general structure 
Tp*PtL, where L was an olefin, a fluoroolefin, an allene, CO, CNR, or an 
acetylene. 1022-1034 These olefin complexes were stereochemically rigid at room 
temperature, but the CO complex was fluxional, and five-coordinate in solution 
(195Pt coupling was observed to all H-3 and H-4 protons), yet four-coordinate in the 
crystal.!035.1036 The 13C upfield shift of the olefinic carbon resonances was correlated 
to the л back-bonding.!0?? Stereochemical nonrigidity in Tp*PtMe(L) complexes was 
studied by NMR.!% The Tp ligand was found to be к? in the acetylenic complex 
ТрР‹Ме(Е;СС=ССЕ;),!939 but it was к? in TpPtMe(CNBu!).!? Mono- and 
dinuclear Pt(1?-methallyl) complexes, based on pzTp, were also reported.!9?5 The 
reaction of [Pt(PEt;)Br;]; with [pzTp] afforded the five-coordinate pz TpPt(PEts)Br, 
but [Tp] formed the structurally characterized dinuclear complex (PEt;)Br2Pt(- 
pz)BH(-pz)2Pt(PEts)Br.'! Oxidation of [TpPtMe;] by (RE); produced stable РИУ 
complexes TpPtMe2(ER), where E was PhCOO, О or S, and К was Ph or Me, while 
the reaction with SnBrMe; yielded TpPtMe;SnMe;.!0?5 


The simplest Pt!" homoscorpionate, TpPtMe3, could be prepared either from 
[PtIMe;]4, or from CpPtMe;.!?? The related Tp*PtMe3, 117, was prepared in 
similar fashion. Its reaction with bromine left the methyl groups unaffected, and 
afforded Tp*P'PtMe;, 118, as the only product.!% The reaction of (TpPtMe;] with 
a proton afforded TpPt(H)Me;.!?^ Related complexes, Tp*PtR;(X) (R = Ph, Me; X 
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= I, Cl, Me), were also synthesized, and the structure of Tp*PtMe;H was established 
by X-ray crystallography.? Complexes TpPtR;(OH) and pzTpPtR;(OH) were 
obtained upon the oxidation of Рі! precursors with water or with protic acids, and 
structures of TpPtMe;(OH), pzTpPtMe;(OH) and TpPt(Tol),(OH) were established 
by X-ray crystallography.!?55 Another approach to such compounds involved 
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demethylation of (Tp*PtMe;] with В(С,Е;)з, and oxidative addition of R—H to the 
resulting [TpPtMe] species.!046 


2.42 Group 11: Cu, Ag, Au 


2121 Cu 


Some of the first homoscorpionate complexes of copper were Tp;Cu, [pzTp],Cu,? 
and Tp*;Cu,!! which were studied by spectroscopy.!? The compounds Tp;Cu,!04? 
and Tp*;Cu,!045.1049 were structurally characterized, and excited-state distortions in 
Tp*;Cu were determined from Resonance Raman intensities and a normal coordinate 
analysis.!059 The first stable Cu! carbonyl complex, TpCu(CO), 119, was prepared 
by Bruce, along with [pzTp]Cu(CO) and Tp*Cu(CO), 051-1053 and it was structurally 
characterized by Churchill.!05^ In [pzTp]Cu(CO) all pz groups were identical by 
NMR.055 The carbon monoxide was readily replaced by phosphines, arsines, or 
isonitriles. Heating converted Tp*Cu(CO) complexes to dimers [Tp*Cu];, which on 
further heating disproportionated to Tp*;Cu and metallic copper.!05? Reaction with 
PEt; produced, in addition to TpCu(PEt;), a dinuclear species Tp;Cu;(PEt;) in 
which all pz and Et groups were NMR-equivalent.!055 In the course of a broader 
study of Tp*Cu(PR3) and Tp*Cu(PAr;) complexes, using four different Tp* ligands, 
the structures of TpCu[PCy3] and Tp*Cu[PCy3],!°7 and of TpCu(PPh;),!058 were 
determined by X-ray crystallography. In the dimers [TpCu],,!055 and (Tp*Cu];,!059 
the scorpionate ligands exhibited different modes of ligation. The complex 
pzTpCu[1,2-(Me;As);C&H,] has also been reported.!° The carbonyl complex 
TpCuCO was converted to TpCu—MoH;Cp;, 120,105! and was also used as 
sensitizer for the valence isomerization of norbornadiene to quadricyclene.!062 
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The compounds K[Tp*CuSAr] and Tp*Cu(SAr) were synthesized, aiming 
for models for the active sites in the blue copper proteins, as were complexes 
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Tp*CuL (L = SR, OAr or Me,NCS,).!63:19 Various olefin complexes of structure 
TpCu(olefin)-CuCl, were synthesized, and structures of Tp*Cu(CH;-CH;) and 
Tp*Cu(CH;-CH;)'CuCI were determined by X-ray crystallography. While Tp* was 
«3 in Tp*Cu(CH;-CH)), it was к? in the second complex, with the third pz* arm 
coordinating to СиСІ.!'965.1066 Various aspects of copper-dioxygen chemistry, 
including the synthesis, properties and reactions of copper(II)-superoxide, and 
-peroxide compounds were discussed.!5*7 The copper(I) complex, Tp*Cu(CH;-CH)), 
was a catalyst for carbene and nitrene transfer to form cyclopropanes, cyclopropenes, 
and aziridines.!°°7 Dioxygen from the Tp*Cu(O;) complex could be displaced by 
CO, MeCN, or by ethylene.!055 Although TpMX complexes were quite unstable, 
being rapidly converted to Тр›М and MX», the dimeric complex, [TpCuCI];, 
containing two chloride bridges, could be isolated and structurally characterized.?0 


Dinuclear Cu(II) complexes were studied as possible models for 
oxyhaemocyanin. For instance, (Tp*Cu];O was prepared, and found to react with 
PPh; forming Tp*Cu(PPh;) and PPh,O,!09? and with HO, producing a peroxo- 
bridged dinuclear complex, !9?? which was studied as an oxidizer for various phenols 
under aerobic and anaerobic conditions.!??! Other dinuclear complexes of this general 
type were the structurally characterized [Tp*Cu](u-OH),, and (Тр*Си)(и-СОз) 
obtained from the former compound upon exposure to CO;.!??? The energetics of 
oxygen binding, and the core isomerization between the Си›(н-О); and Cuy(u.-n?:n?- 
O;) core structures, were studied for TpCu complexes by gradient-corrected density 
functional methods.!07* An uncommon trinuclear Tp*;Cu; complex, for which the 
structure HB(pz*-Cu-pz*),BH was proposed, was converted to the structurally 
characterized Tp*Cu(J.-N3);Cu(u.-N3);CuTp*. 1075 


2112 Ag 


In general, homoscorpionates containing a B—H bond formed less stable complexes 
with silver(I) than with copper(I) due to the relative ease of reducing silver(I) to 
metallic silver. Accordingly, relatively few silver homoscorpionates have been 
reported. They were of structure Tp*AgL for Tp, pzTp and Tp*, with L = 
phosphines, phosphites, arsines, or isonitriles.!°76-!078 This reaction was 
investigated in considerable detail, and the structures of TDAg(PPh:), TpAgP(o-Tol);, 
TpAgP(Bz); and Tp*AgP(p-Tol); were determined by X-ray crystallography. 1079.1080 
Other structurally characterized silver complexes were of the type pzTpAgPR (R = 
Ph, m-Tol, o-Tol; PR3  PMePh;, PEtPh;, P(C;H,,)5, ). With the exception of 
[pzTp]Ag[P(o-Tol);], in which the pzTp ligand was x?, in all the other complexes 
the [pzTp] ligand was x? , and the silver ion was in a three-coordinate environment. 
In such cases it was possible to coordinate an additional small ligand to the Ag 
ion.!08! The structure of [Tp*Ag] showed it to be an asymmetric dimer.!568 
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Most of the reported homoscorpionate gold complexes were those of gold(III). These 
included Tp*AuCI;,082.1053 and TpAuMe;.?! In the structurally characterized 
pzTpAuMe, the ligand was к?, and the geometry was square planar.?!6 The only 
example of an Au'complex was Tp*Au(PPh;), prepared from KTp* and 
AuCI(PPh;) in the presence of excess PPh3.!8° 


213 Group 12: Zn, Cd, Hg 


2.13.1 Zn 


Simple homoscorpionates of zinc have been long known,”!! and they were studied 
by spectroscopy. '? The structures of Tp2Zn,!84 and of Tp*;Zn,955 were determined 
by X-ray crystallography. Both complexes were octahedral, although zinc was usually 
tetrahedral in solution, and zinc homoscorpionates could be used as Tp*ligand 
transfer agents. The complex TpZn(NO3) contained the nitrate ligand bonded to zinc 
in anisobidentate mode, the two Zn-O bonds being 1.981(2) A and 2.399(3) A, 
геѕресііуе1у.!08 An ab initio comparison of the bonding mode of nitrate and 
bicarbonate ligands in TpZnL апа Tp'P"ZnL was carried ош.!08? The structurally 
characterized Tp*ZnMe was prepared from Tp*TI and ZnMe;, and was found to be 
converted to Tp*;Zn in most of its reactions.'°88 Thiolate complexes, Tp*ZnSR (К 
= Et, CH5Ph) were synthesized from Tp*ZnCl and the corresponding sodium 
thiolates, and the structure of Tp*ZnSEt was determined by X-ray crystallography. 
These complexes produced the corresponding thioethers upon reacting with methyl 
iodide or dimethyl sulfate.!059 


2.13.2 Cd 


Cadmium homoscoprionates Tp*CdI and Tp*;Cd were synthesized, and the latter was 
structurally characterized.!°° The complex Tp*Cd(BHy), 121, contained x?-Tp* and 
а K?-borohydride ligand. The presence of a Cd—Cd bond іп the unusual dimer 
[Tp*Cd],, 122, was inferred from '!3Cd ММБ 46 Complexes Tp;Cd, [pzTp];Cd, 
Тр*;Са, and heteroleptic ones, such as Tp*Cd[pzTp] were studied by !!5Cd NMR, 
and structures of the octahedral Tp*;Cd and [pzTp];Cd were determined by X-ray 
crystallography.!°9! CP/MAS studies were carried out on Tp*2Cd and [pzTp]2Cd 
complexes, and '!3Cd shielding tensors were obtained.'??! Heteroleptic complexes 
with five-coordinate Cd, such as Tp*CdL (L = Bp*, AcAc, S;CNR;, and other 
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ligands) were also prepared, studied by !!?Cd NMR, and the structure of 
Tp*Cd(S;CNEt;) was determined by X-ray crystallography.!09? A number of 
octahedral heteroleptic compounds Tp*CdL was prepared, studied by !Cd NMR, and 
the compound Tp;Cd was structurally characterized.!09!.1093 Also studied by !!^Cd 
NMR were the organocadmium compounds Tp*CdR, with К = Me, Et, Pr, i-Pr, i- 
Bu, t-Bu and Ph.!094 


Q Q © 


N= а N— == 
сш; a РОР 2005. eae. de. h 
121 122 
243.3 Hg 


The crystal structure of [pzTp]HgMe showed three-coordinate mercury, and bidentate 
pzTp, with unequal N—Hg bonds.!??5 The synthesis of mercury compounds 
Tp*;Hg, [pzTp],Hg, Tp*HgX and (Tp*Hg], was reported, and the pzTp derivatives 
were found to be more stable than those of Tp*.!95 Organomercury compounds 
TpHgMe,?5? and Tp*HgR (К = alkyl, aryl, ferrocenyl) have been prepared, as were 
those of the type pzTpHgR. Many of these complexes were fluxional, and were 
thought to contain two-coordinate Hg.1097.1223 Solid state and solution NMR spectra, 
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including !??Hg, have been determined for Tp*HgMe, [pzTp]HgMe, Tp*HgSR and 
[pzTp]HgSR complexes.!093 Numerous complexes of general structure Tp*Hg(2- 
thienyl) have been synthesized (Tp* = Tp*, pzTp), studied by spectroscopy and by 
NMR, and the structure of [pzTp]Hg(5-methylthien-2-yl), 123, was determined by 
X-ray crystallography. The mercury ion was in a roughly planar, T-shaped 
configuration, and the ligand was bidentate.!° Similar studies were conducted on a 
variety of Tp‘HgCN complexes, among which the tetrahedral Tp*HgCN was 
structurally characterized.!!00 


2.44 Group 13: B, Al, Ga, In, TI 


2.14.1 B 


The only homoscorpionate complexes of boron were the cation [HB(t-pz*);BH]*, 
which can be regarded as the (Tp*]: complex of (HB]?*, and also the related 
[TpM*BEt]* cation.!05.110! The pyrazabole heterocycles, which contain a pyrazolyl 
substituent in the 4- or 8-positions, (pz)HB(-pz)2BH(pz) may be also regarded as 
boron derivatives of Tp ligands. 


2.14.2 Al 


Reaction of KTp with AICI, afforded the salt [Tp; AI][AICI,],!!?? while Tp*AIMe; 
was obtained from KTp* and AIMe;,!!?? and it could be hydrolyzed in controlled 
fashion to Tp*AI(OH);.!104 


2.14.3 Ga 


An octahedral cation of gallium, (Tp*;Ga]*, was obtained upon the reaction of GaCl3 
with an equimolar amount of Tp*K. This led to the isolation of the salt 
[Tp*;Ga][GaCl,], the structure of which was determined by X-ray 
crystallography.!!9? Similar stable gallium cations based on Tp and on pzTp were 
also prepared, while from GaMeCl; and KTp* the complex Tp*GaMeCl was 
obtained. The solid state structure of this compound showed it to be four-coordinate, 
and to contain a bidentate Tp* ligand. It was, however, fluxional in solution, and its 
NMR displayed equivalence of all the pz* rings down to —90 9C. The reaction of 
GaMe,Cl with the Tp* ligands mentioned above produced in each case Tp*GaMe;. 
All of these compounds were studied by NMR, and the structures of Tp*GaMe; and 
of [pzTp];GaMe were established by X-ray crystallography. The Tp* ligand was 
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bidentate in Tp*GaMe;, and the structure tetrahedral, while in [pzTp],GaMe one 
pzTp ligand was tridentate, and the other bidentate, and the molecular geometry was 
octahedral.!!05 The organogallium complex [pzTp]GaEt, has also been reported.!!06 
When Na;Fe(CO), was treated with Tp*GaMeCl, the product was Tp*Ga—Fe(CO)4, 
124, which contained a Ga—Fe bond, as was established by X-ray 
crystallography.!!07 
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2.14.4 In 


Numerous homoscorpionate complexes of indium have been prepared, їп all of which 
indium tended toward six-coordination, as for instance in Tp*InCl,(THF). In the 
complex [pzTp]In, all pzTp ligands were coordinated in к? fashion, while in 
[pzTp];InCI, and in the structurally characterized [pzTp];InMe опе pzTp ligand was 
к2, and the other was к?. The related complex Tp;InCl was ionized in polar solvents, 
producing the cation [Tp;In]*. This cation could be obtained as the structurally 
characterized [TpInCl;]' salt by the reaction of 3 KTp with 2 InCl3.!!°8 Many 
heteroleptic compounds of structure Tp*In(L)X were obtained from Tp*InCl,(THF). 
L was Bp, Bp*, Tp, pzTp , EG; NCS;, OAc, various B-diketonates, catecholates, and 
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[SCXCN);], while X could be Cl, THF or Hpz*. Structures of Tp*In(Bp)Cl, 125, 
апа Tp*In[S;C;(CN);( THF), 126, were determined by X-ray crystallography.!!09 
The reaction of Tp*InCl,(THF) with Na,Fe(CO), and Na;W(CO); led to the 
complexes Tp*In—Fe(CO), and Tp*In—W(CO),, respectively, the structures of 
which were established by X-ray crystallography,!!!? while the reaction of 
Tp*InCl,(THF) with К›8; gave rise to Tp*In(S;)(Hpz*).!!!! The structure of 
Tp*InI has also been determined.!!!2 


2.14.5 TI 


TI! derivatives of most of the homoscorpionates have been prepared, mainly to 
facilitate the reaction of these ligands in organic solvents, but no studies specifically 
devoted to the Tp*TI complexes were done. The structure of TpTl has been 
determined by X-ray crystallography.!!!? The reported organometallic complexes, 
pZTpTIR; (R = Et, Bu) are the only examples of thallium(III) scorpionates.!! 


2.15 Group 14: C, Si, Ge, Sn, Pb 


2.15.1 c 


Although "first-generation" homoscorpionate derivatives of carbon have not been 
reported, the dications [RB(u-pz);CH]^*, which may be formally regarded as derived 
from [RTp] replacing three chloride ions from HCCl;, should be obtainable by the 
reaction of HC(pz); with RBX;, where X is a good leaving group (halide, OTs, etc.). 


2.15.2 Si 


The complex pzTpSiCl; was obtained from the reaction of KpzTp with SiCI,.!!06 


2.15.3 Ge 


Treatment of GeCl, with KpzTp produced the complex pzTpGeCl .!!°° The 
germanium(II) complex, [Tp*Ge]Cl, the first example of a Се! homoscorpionate, 
was obtained from Tp*K and GeCl;(dioxane), and it was converted to the iodide, and 
to [PFg] salts. The structure of the salt [Tp*Ge]I was determined by X-ray 
crystallography. There was no interaction between Ge and I, the shortest Ge--I 
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distance being over 4 À.!!!5 Treatment of Tp*GeCI with sodium azide produced the 
azido analog, Tp*GeN3, and structures of both complexes were determined by X-ray 
crystallography. In the complex Tp*GeCI the halogen occupied one axial site of a 
distorted pseudo trigonal bipyramid, the other site being occupied by the lone pair. 
The azido complex, Tp*GeN;, had a very similar structure.!!!5-1!16 


2.15.4 Sn 


Among the group 14 elements, most homoscorpionate derivatives were those of tin. 
The first reported, and structurally characterized, tin(II) complexes were Tp*;Sn and 
Tp*SnCl. In the first one, one Tp* ligand was к? and the other к?, while in the 
second complex, the structure was roughly trigonal bipyramidal.!!!? Tp,Sn had a 
structure similar to that of its Tp* analog.!!!8 In the complex [pzTp];Sn both 
ligands were к?, but exchanging rapidly on the NMR time scale.!!!? Other reported 
complexes were Tp)Sn, pzTp;Sn and Tp*SnCl, which were studied by !!?Sn 
NMR.!!? Solid state and solution !!?Sn NMR studies were also done on 
Tp*5Sn.!!?! The reaction of SnCl; with KTp and NaCpCo[P(O)(OE0;]; yielded the 
unusual heteroleptic complex TpSn(CpCo[P(O)(OE0;]; ).!'?? 


Sn!V chemistry was investigated to a greater extent than that of Sn!!. 
Complexes pzTpSnCl,!!95 the not very stable pzTp;SnR; (К = Me, Et, Bu),!!? 
TpSnMe;, TpSnMe,Cl and TpSnMeCL,,!!?4 and the series Tp*SnR,X;.,, where К 
was Me, Et, Bu or Ph, X was Cl or Br, and Tp* was Tp,! 75 pzTp,!!?6 and Tp*,!!27 
were reported, as was the complex Tp$nCl;CH;(COOMe)CHCH;COOMe,!!?8 and 
the structurally characterized TpSn(NCS);CH;CH;COOMe.!!? The reaction of 
TpSnCl, with [Со(СО)4]: yielded, among other species, the (Tp;Co]* cation.??? 
Complexes ТрЅпМез,!!20 and Tp*SnCl; were structurally characterized, and the 
latter one was used as a diluent in EPR studies of Tp*Mo(E)X; complexes.5!? The 
structurally characterized compounds TpSnPh;Cl, Tp*SnPh;Cl and TpSnCl,, and 
related species, were also studied by Móssbauer spectroscopy,!!?! and Tp*SnR,X;., 
complexes (Tp* = Tp or Tp*) by X-ray absorption spectroscopy.!!?? Some Sn!V 
compounds of general structure TpSnR; were investigated for antimutagenic 
activity,'! while Tp*SnBu;Cl was found to be a useful transfer agent for the Tp* 
ligand to Zr, Nb, and Ta compounds.359 


2.15.5 Pb 


Although the simple complexes Tp;Pb and [pzTp;]Pb were reported long ago,’ they 
were structurally characterized, along with Tp*;Pb, much later.!?^ While in Tp;Pb 
both ligands were к?, and the molecular structure was a capped octahedron with the 
lone pair at the capping position, in Tp*;Pb both ligands were also к?, but the 
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structure was octahedral. The compound [pzTp];Pb had pseudo-trigonal-bipyramidal 
geometry, with both ligand being к2. The complex TpPbCl has also been 
reported, 057.1134 as were the heteroleptic complexes TpPb{CpCo[P(O)(OEt)2]3}, 
Tp*Pb(x!-NO.), and also the five-coordinate Tp*PbBp. Structures of Tp*Pb(NO3), 
Tp*PbCI(Hpz*) and of the cationic complex [Tp*Pb(Hpz*)3]Cl were determined by 
X-ray crystallography.!!?? А mixed-ligand cationic complex (TpPb[HC(3,5- 
Me»pz)3]}*, and its Tp* analog, were also synthesized, and the latter was structurally 
characterized.''35 Early work on Sn"! and РЬ! scorpionate chemistry has been briefly 
reviewed.!136 


2.16 Group 15: N, P, As, Sb, Bi 


2.16.1 P 


While there are no examples of nitrogen homoscorpionate complexes, a phosphorus 
complex, Tp*P-Fe(CO)4, has been reported, and structurally characterized. It 
contains a к? Tp* ligand.!!?7 


2.16.2 As 


The only arsenic derivative reported, and characterized by NMR, was pzTpAsMe, !!06 


2.16.3 Sb, Bi 


Although no Tp* derivatives of either Sb of Bi have been reported, there no reason 
why they should not be capable of existence. 


2.17 Lanthanides 


Some of the first trivalent lanthanide homoscorpionates reported were those of the 
type Tp3Ln and pzTp3Ln, along with Tp,ErCl3.,.!'38 The structures of Tp3Pr and 
Tp3Nd showed піпе-соогдіпаііоп, 229 while in Tp3Yb eight-coordination prevailed,!!39 
and this complex was stereochemically rigid by NMR.!!4? Scorpionate complexes of 
Tb and Eu were studied by ѕресігоѕсору,!!*! as were those of Nd and Eu.!!4? It was 
found in a series of Tp*;Ln(OTf) complexes that those of La, Ce, Pr and Nd were 
seven-coordinate in the solid state, as was determined by X-ray crystallography for the 
Nd complex, but those of Sm, Eu, Gd, Dy, Ho and Yb were six-coordinate and ionic 
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in the solid state, as indicated by the structure of the Yb compound.??? Several series 
of heteroleptic lanthanide complexes of general structure Tp;M(L), where L was 
typically some bidentate ligand, most often an aliphatic B-diketonate, were 
synthesized. Those structurally characterized were Tp; Yb(Bu'C(O)CHC(O)Bu'), 127 
(R = t-Bu),!'43 and among the acetylacetonates Tp;M(AcAc) (M = La, Се, Pr, Nd, 
Sm, Eu, Tb, Dy, Ho, Er, Yb, Tm and Lu), the cerium and ytterbium complexes, 


127, (R = Me).??! 3235 Exchange of the diketonato ligands in the above complexes 
was studied.*38 Heteroleptic lanthanide complexes, similar to B-diketonates, were 
those of general structure Tp;M(L), where L was picolinate-N-oxide (M = Y, Eu, Gd, 
Tb, Er, Yb, Lu), and the complex with M = Tb was structurally characterized.!530 
Other examples were Tp;M(OOCPh) for M = Sm, Eu, Yb, Lu, Tp;M(OAc) for M = 
Yb and Lu,??! and the oxalates [ТрМ)(С;04).235 Also reported were the related 
lanthanide compounds Tp;M(salicylaldehydates) and their 5-methoxysalicylaldehydate 
analogs,?? the tropolonates Tp;M(O;C;H:) for M = La, Ce, Pr, Nd, Sm, Eu, Tb 
and Lu, including the structure determination of the Yb complex,??? and the complex 
Tp2LaCl(H20).*# The synthesis of Тр;МСІ and [Tp3M(OAc)]; complexes of Sm, 
Tb and Er was reported, and the structure of the dimeric complex, 
[Tp;Sm(OOCPh)];, was determined by X-ray crystallography.!!^ The separation of 
lanthanides, by means of their extraction from aqueous into organic phase, using a 
combination of Tp or pzTp ligands and B-diketonates was investigated.!!45 Trivalent 
lanthanides, PrCl; and NdCl;, reacted with KTp* to yield dimeric [Tp*MCI(u- 
Cl)(Hpz*)]2 complexes, of which the seven-coordinate Pr derivative was structurally 
characterized. On the other hand, YbCl; produced the octahedral Tp*YbCl;(THF), 
which underwent intermolecular rearrangement reactions to produce 
[Tp*YbCI,(Hpz*)](THF) and [Tp*YbClj[Hopz*], both of which were structurally 
characterized.''46 Lanthanide(II) complexes Tp*;M (M = Sm and Yb) have also been 
prepared in good yield.!49? 
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Complexes of the type Tp;MCI(L) were synthesized for M = Lu, Nd, Y and 
Yb,!! with the structure of TpyNdCl(Hpz) determined by X-ray crystallography,!!48 
as was that of the related Tp)SmCl(Hpz).!!^? Such samarium complexes were 
converted to various Tp;Sm(B-diketonate) complexes, and to Tp;SmBp, which was 
structurally characterized, and was found to contain an agostic B—H—Sm 
bond.!150.115! Ajr-sensitive Tp* complexes of divalent lanthanides, Tp*;M (M = 
Sm, Eu and Yb) were synthesized.!!5? The structures of a redox-related pair of 
lanthanide complexes, Tp*;Yb and [Tp*;Yb][O4SCF;], were compared, and a 
shortening of the M—N distance by 0.16 A was observed in the reduced species.!!53 
The structurally characterized Tp*;Sm(Kk?-O;), obtained by the reaction of Tp¿Sm 
with oxygen, was the first example of a lanthanide superoxo сотріех.!!5* A similar 
structure was found in the analogous azobenzene adduct, Tp*;Sm(PhN-NPh), which 
contained both azobenzene nitrogens symmetrically bonded to Sm.!!55 Unusual 
cyclooctatetraene complexes Tp*M(COT) , where M was Ce, Pr, Nd and Sm, and 
Tp* was Tp or Tp*, have been reported.!!55 In the pair of compounds with the same 
composition, [Tp*;La(O3SCF3(MeCN)]MeCN and [Tp*;Nd(MeCN);](OsSCF;), 
the former was a neutral molecule, while the latter adopted an ionic structure. !!57 The 
synthesis and fluorescence studies of Tp*,Eu(THF) , where Tp*= Tp and pzTp, as 
well as the structures of [pzTp],Eu(THF), and of pzTp3Yb, were reported. In the Yb 
complex two ligands were tridentate and one was bidentate.''58 Neodymium 
complexes Tp;NdCI(H5O) and Tp*Cl,(L), where L was 4,4'-(Bu')-2,2'-bipyridine 
were prepared, and structurally characterized. In each instance the Tp* ligands were 
tridentate.!!5? Trinuclear complexes 128 and 129were structurally characterized, !60 
and some of the Tp*-lanthanide chemistry was presented in a mini-review.!!6! 
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128 Ln = Yb, Z = [-CH»-]s 
129 Ln = Lu, Z = [-СН,-} 


2.18 Actinides 


Bagnall synthesized the first homoscorpionate actinide complex, TpUCpCL,,!!9? and 
numerous other Tp, pzTp and Tp* complexes of uranium and thorium, also 
containing Cp, substituted Cp, and halide ligands.!!63-1165 The compounds 
Tp*U(NCS),(THF) and Tp*Th(NCS),(THF) have also been reported,''® and various 
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TpNp complexes were studied by 2?7Np Méssbauer spectroscopy.!!”° Alkoxide and 
aryloxide uranium derivatives of general structure Tp;UCI,(OR)»., were prepared 
from Tp,UCI),!!7! as was Tp;U(SBu');.!!7? The structures of Tp;UCl; and 
Tp;ThCl;,!!7? Tp,UCI(OBu') and Tp;UCI(OPh),!!7* Tp,U(OPh)2,!!75 and of 
Tp,U(SPr')>,!!76 were determined by X-ray crystallography. The reaction of UI, with 
2 KTp in methylene chloride yielded Tp;UIL;,, but in THF the product was 
Tp;UI[O(CH;)4IJ.!7? Scorpionate complexes of U, Th and Np were studied by 
NMR. 11781179 


The reaction of KTp* with ОСІ; or ThCl, provided the corresponding 
Тр*МСІ; complexes,'!8° which formed adducts with THF, pyridine, nitriles, 
etc.,!!8! or with Hpz*,!!3? and which served as starting materials for numerous 
derivatives, obtained by nucleophilic displacement of chloride ions. Thus, their 
sequential treatment with alkoxides, followed by [Cp], afforded the asymmetric 
Tp*MCl(Cp)(OR) species,!!8? while the reaction with alkoxides or aryloxides 
produced Tp*MCI,(OR),., compounds,!!841!85 and carboxylate anions produced 
Tp*M(OOCR); complexes, of which Tp*U(OAc); was structurally characterized.!!86 
Reactions with simple lithium alkyls or aryls yielded ill-defined mixtures, but the 
more bulky reagents produced isolable complexes such as Tp*UCl;(2- 
CH;C4H4NMe;) and Tp*UCL;(2-CeH4CH;NMe;).!!37 The heteroleptic compounds 
Tp*MCl;Cp, Tp*MCLN(SiMes);and Tp*M(NPh;), (M = U, Th) were also 
prepared.!!88 From UCI; the complex Tp*UCl, was obtained, !!3? and the structures 
of Tp*UCl, and Tp*UCI;Cp were determined by X-ray crystallography.!!9° 
Organometallic derivatives of actinide scorpionates were briefly reviewed, !!?! and 
haloactinide complexes with Tp and Tp* ligands were studied by laser desorption 
Fourier transform mass spectrometry.!!9? An extraordinary uranium(1II) structure was 
found in Tp*;UI, which contained one pz* ring of the Tp* ligand bonded to U 
through both of its nitrogen atoms, as shown in 130.1198 
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The complex Tp*UCI;CH;SiMe; underwent an insertion reaction with 
acetone, forming Tp*UCI,(O0CMe,CH,SiMe;), which upon reaction with additional 
acetone yielded the aldolate Tp*UCI,(OCMe,CH,C(O)Me). However, the related 
compound Tp*UCI;CH(SiMe;); only formed the aldolate with excess acetone. Such 
reactions were investigated in detail.!!9? Treatment of uranium metal with iodine in 
THF, followed by KTp*, produced Tp*UL[O(CH;)4I].!?* Enthalpies of uranium- 
ligand bond dissociation in complexes of the general structure Tp*UCLI;L, were 
determined by means of solution calorimetry measurements.!/951196 Sodium 
naphthalenide reduced Tp*UCI; to Tp*UCI.!!97 


The only fully characterized plutonium(III) compound was the dimeric 
(Tp*PuCl(u-Cl)(Hpz*)]2, which was obtained by the reaction of KTp* with РиС1; It 
was isomorphous with the analogous Pr and Nd complexes. The synthesis of another 
plutonium(III) complex, Tp;Pu, was also mentioned, but no details were given.!!46 
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Chapter 3 


Homoscorpionates — Second 
Generation 


3.1 General Considerations 


This chapter deals mainly with the "second generation" Tp* and pz?Tp* ligands, that 
is, those characterized by relatively large 3-R substituents, as well as with those 
containing various combinations of substituents in the 3-, 4-, and 5-positions, and 
on boron. It includes di- and trisubstituted pyrazole rings, plus those containing fused 
benzo- and naphtho-moieties. Most of these ligands were reported after 1986,3 
although a few have been synthesized much earlier. A large number of "firsts" has 
been achieved with such Tp® ligands containing large R substituents. Three issues 
are of relevance to many ligands within this group: 


I The regiochemistry in ligand synthesis. 

2: The quantification of the steric effects in coordination to a metal ion. 
3. Ligand rearrangement. 

3.1.1 Regiochemistry in Ligand Synthesis 


In Chapter 2, there was no issue of regiochemistry, since both, pyrazole (leading to 
the parent Tp and pzTp ligands) and 3,5-dimethylpyrazole (leading to Tp*), had 
identical 3 and 5 substituents, their anions were of C», symmetry, and therefore the 
attachment of boron to either of the two pyrazole nitrogen atoms would generate an 
identical product. The same holds true for 4-substituted pyrazoles, since only Tp*® 
can be formed. A different situation prevails when Tp* ligands are prepared from 3(5)- 
monosubstituted pyrazoles or, more generally, from pyrazoles whose anions are not 
of C», symmetry. Restricting ourselves to the tris(pyrazolyl)borate ligands, and 
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starting with a 3(5)R-pyrazole, the products could be either [HB(3Rpz)3]" (131) or 
[HB(SRpz);] (132), as shown below, or even a mixture of ligands having the general 
structure [HB(3Rpz),(SRpz)s,]" which may contain, in addition to the two isomers 
131 and 132, also two other isomers: [HB(3Rpz);(5Rpz)] and [HB(3Rpz)(SRpz);l, 


arising from random bonding of boron to N1 and N2 of the asymmetric pyrazole. The 
same considerations apply when Tp* ligands are prepared from 3,4-disubstituted 
pyrazoles, or from 3,5-disubstituted pyrazoles containing different ЗК and 5R' 
substituents. However, it has been found in practice that mixtures are rarely obtained, 
and that 3(5)R-monosubstituted pyrazoles led to essentially one product, which was 
[HB(Rpz);] (= Тр®), as well as to the related ligands [H;B(3Rpz);] and [B(3Rpz)4]- 
(= pz9 Tp). This regioselectivity was demonstrated first in the reaction of 3(5)- 
methylpyrazole, leading to (BpMe]K,!?? and to (TpM*]K.? Later on, ligands Тр", 
Tp'8",24 and other homoscorpionates of structure Tp® were prepared. The probable 
reason for this regioselectivity is that boron-nitrogen bond formation, involving a 
concerted loss of hydrogen, proceeds through a less sterically encumbered transition 
state, when bonding occurs to the less hindered N1 rather than to N2. The same holds 
true for 3,5-disubstituted pyrazoles, when there is substantial size disparity between 
the 3 and 5 substituents (for instance, Me and t-Bu, or Me and Ph), so that the larger 
substituent R ends up in the 3-position of the Трк ligand, next to the coordinated 
metal, and the smaller R' in the 5-position, remote from the coordinated metal, but 
affording some steric protection to the B—H bond. Pyrazoles with 3,4-substituents 
(for instance, 3-isopropyl-4-bromopyrazole, 3-phenyl-4-methylpyrazole, and other 
similar pyrazoles) also tend to yield ligands with boron being bonded to the least 
hindered nitrogen atom. The only exception is benzopyrazole (indazole) and its 
derivatives containing alkyl or aryl substituents in the 3-, 4-, 5-, or 6-positions, or 
any combinations thereof, which produce scorpionate ligands where boron is bonded 
to the more hindered nitrogen, as in 133. This happens, presumably, because 
electronic effects outweigh steric ones. On the other hand, indazoles with a 7-alkyl or 
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aryl substituent, as in 134, or a 6,7-fused benzo ring, as in 135, give rise to 
scorpionate ligands with boron bonded to the less hindered nitrogen. 
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While the formation of Tp® ligands is the expected norm, in a few instances 
there is concurrent formation of an isomeric ligand, [HB(3Rpz)2(SRpz)}" (= Трк“) 
which, being of lesser symmetry, is usually more soluble than Tp", and can be 
separated from it by crystallization. This occurs, for instance, in the reaction of 3- 
neopentylpyrazole with КВН, when both, Тр^ and TpNP* are formed, although 
Tp"? is by far the dominant product? A similar situation prevails in the case of 3- 
(9-anthryl)pyrazole.5 Only with 3-mesitylpyrazole is TpMs* the major reaction 
product, although it can be thermally isomerized to TpMs.% Even in the case of Tp** 
ligands, the majority (two out of three) of pyrazolyl groups is still bonded to boron 
through N1. From 3,5-disubstituted pyrazoles containing one t-butyl group and a 
smaller substituent, such as methyl,8° 2-thienyl,*? and even isopropyl,” the Tp. 
ligands are obtained as the only product. On the other hand, when the substituents are 
similar in size, such as methyl and ethyl, or ethyl and propyl, inseparable mixtures 
are inevitably produced.!19? Even with 3-isopropyl-5-methylpyrazole, where the two 
substituents are fairly different in size, one obtains in addition to the desired Tp/Pr.Me 
ligand, about 20% of the 3,3,5-іѕотег.!9 The only instant in Tp* chemistry of 
ligand rearrangement going beyond the Tp®* stage was found in the case of 
TpM*Ir(COD), which rearranged at first to TpM¢*Ir(COD), and then to [HB(5- 
Mepz);3-Mepz)]Ir(COD).?? 
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3.1.2 The Quantification of Steric Effects in Tp* 
Ligands 


In contrast to the cyclopentadienyl ligand, where the bonds to the Cp substituents (H, 
Me, other alkyl or aryl groups) are pointing outward in the plane of the 
cyclopentadienyl ring, and away from the coordinated metal, the bonds in a Tp* 
ligand emanate at an angle which makes the substituents protrude in space past the 
metal, enveloping it, and forming a protective pocket of varying size and shape. As 
the substituents become larger, the pocket becomes tighter, limiting both, frontal, 
and side-on access to the coordinated metal by other ligands. This can be seen from 
figures 136 and 137 below, which show frontal and side-on accessiblity to the 
metal in the presence of spherical 3-R substituents in the Tp*M fragment. The 
smaller the cone angle, and the larger the wedge angle, the easier it is for other 
ligands to coordinate to the metal. Because of this feature, the proper choice of 3-R 


136 137 
cone angle = (360-0) wedge angle = (B) 
side view view along the B-M axis 


substituents does adjust the steric accessibility of the coordinated metal, in this 
fashion controlling the coordination chemistry of the Tp*M species. Some of the 
approaches to quantify the steric characteristics of the Tp* ligands entailed the 
calculation of the cone and wedge angles of such ligands containing different 3-R 
substituents. Indeed, the trends in the values of these angles were consistent with the 
trends in the coordination chemistry of the Tp* ligands. Three main categories of Tp* 
ligands can be distinguished: 


{i Those of low steric hindrance (small cone angle), characterized by a 
strong tendency to form Tp M complexers with divalent first row transition metals, 
and the inability to form stable Tp*MX species. Apart from the parent Tp, such 
ligands are exemplified by those where 3R is methyl, cyclopropyl, or 2-thienyl. 
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2. Those with large steric hindrance (large cone angle), characterized 
by predominant formation of tetrahedral Tp*MX complexes, and by the inability to 
form Tp*;M species. The classic example here is Tp'8" plus its 5-substituted analogs 
(Tp/BoMe, Трави Tp'BuiPr), as well as TpM5, Тр^" and Tp™?, 


3. Those of intermediate steric hindrance, which are capable of 
forming both, Tp*;M and Tp*MX species, although not necessarily with equal ease. 
Examples of such ligands are Тр^ and Tp^', where Ar is phenyl, or a number of 
variously substituted phenyl groups. 


Without going into any calculations, it is quite clear that the metal gets 
progressively more and more encased in the ligand cavity, as one proceed from the 
least hindered parent ligand, Tp (138), through Трм (139), Tp'P" (140) to the 
extremely hindered Tp*8°7'8" (141), as shown schematically below. Structure 141 
approximates the steric effect of a neopentyl 3-substituent, frozen in its most 
sterically blocking conformation. 


138 139 140 141 


The cone and wedge angles obviously depend not only on the ligand itself, 
but also on the length of the N—M bond. For instance, the cone angle calculated for 
Tp?Bo?'BvT] (141, М = TI) was 261°, while for the Co complex of the same ligand 
this value increased to 3159.102 The most recent compilation of some cone and wedge 
angles was based on first row transition metals (Co, Fe, Ni). In each case the lines 
defining the cone angle were drawn from existing X-ray structures of known 
complexes, connecting the center of the metal atom to the outermost point of the R- 
group, taking into account its van der Waals radii, and based on either the hydrogen 
or the carbon atoms.*! 
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Several problems exist in calculating the cone and wedge angles. For 
simple, symmetrical 3-R substituents, such as H, Me or t-Bu, this is relatively easy, 
but in the case of asymmetric ligands, such as i-Pr, Ph and other planar heterocycles, 
the cone angle depends on the orientation of such substituents. On the one hand, a 
freely rotating isopropyl group can sweep out a space equivalent to that of a t-butyl 
group. However, a static isopropyl group can adopt a position with both of its 
methyl groups straddling the pyrazolyl plane, and pointing away from the metal, in 
which case its steric effect effect in terms of the cone angle would approximate that 
of a methyl group, although its wedge angle would be smaller. Conversely, if its 
methyl groups were pointed at the metal, the effect would resemble that of a t-butyl 
group. There are examples of both of these isopropyl group orientations being 
adopted by different ТрїР' complexes іп the solid state. It also matters whether we are 
dealing with octahedral, Tp*;M complexes, or with tetrahedral Tp*MX ones. 
Furthermore, some of the Tp*MX complexes are five-coordinate dimers as, for 
instance, [Tp'?"48'NiNCS]>, 142.86 


Br Br 
142 


The choice of a "standard" metal for calculating the cone and wedge angles 
has to satisfy the requirement that all Tp*M complexes be isostructural. This would 
exclude transition metals, because of the variety of structures they can adopt with Tp* 
ligands. Moreover, no stable structure, whether octahedral, tetrahedral, or five- 
coordinate can be achieved with all the known Tp* ligands (see above). For these 
reasons Тр^ТІ complexes seemed to be the best choice. Except for the tetrameric 
[TpCP'TI]4,3! all other known Tp*TI complexes are monomeric and isostructural. 
Furthermore, many of them have already been structurally characterized. While the 
absolute cone and wedge angles derived from TI(I) complexes cannot be directly 
transferred to other metals, they can be used to establish a relative steric hierarchy for 
the various Tp* ligands. The cone and wedge angles of Tp*Tl complexes, the 
structures of which have been established by X-ray crystallography, are presented 
below in Tables 1 and 2, respectively. These were averaged values, based on the 
outermost hydrogen atoms of the 3-R substituent (except when the 3-R sustituents 
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outermost hydrogen atoms of the 3-R substituent (except when the 3-R sustituents 
were perfluoromethyl or bromo), and taking into account the appropriate van der 
Waals radii.!54? 


Table 2. TpXTI Cone Angles. 
Complex Cone angle (in degrees 
трт! 183 

Тр©т1 223 

Ттр©з»”т| 234 

трВ3 234 (Br-based) 
TpBo3Me 235 

Tp CFs) 237 (F-based) 

Tp*TI 239 

Tpi^r4Brg] 243 

Tp'BuMeT] 243 

Tp'?"TI 251 

треті 253 

ТрСу.4Вгт] 273 

Tp3Bo7tBu 277 

Треті 281 


As сап be seen from Table 1, the range of cone angles covers about 100°. 
The complexes tabulated excluded planar aromatic 3-substituents, but included 
alicyclic ones. Even with accurately calculated cone angles, the feasibility of forming 
certain complexes depends on the other ligands involved. For instance, the ligand 
177 (see p. 135), with a very large cone angle, but a small wedge angle (the three 
fused rings being planar), readily forms homoleptic Tp*;M complexes, but it is 
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incapable of forming a к? Tp*Mo(CO),(n?-methallyl) complex, because one of the 
coordinating arms would crash into the n3-methallyl ligand, and therefore a к? 
structure with an agostic B—H—Mo bond was adopted.!9? The ligand 187 (see p. 
153), with an even larger cone angle (the tighter bite being the result of the 5-Me 
substituents), would still yield octahedral Tp*;M species, but could not form even a 
X? Tp*Mo(CO);(n?-methallyl) complex, like 177 414.10! At the same time the 
ligand ТрМ* with a modest cone angle, but a very small wedge angle, would not form 
homoleptic Tp*% M species, but readily produced the structurally characterized к? 
TpM:Mo(CO);(n?-methallyl) complex.’ 


Table 3. TpXTI Wedge Angles. 
Complex Wedge angle 
трт! 70 

трСргт| 68 

TpBo3Me 68 

Tp*TI 67 

Tph? 60 (Br-based) 
TpOTI 53 

TpTI 51 

Tp(CF32 49 (F-based) 
тр©рет1 46 

тр©у.4Вгт| 46 

тр3Вотви 33 

TpBeMeT] 31 

Tp'?"TI 29 


TpiPr4Brz] 28 
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The total range of wedge angles, about 40 degrees, is considerably smaller 
than that of the cone angles, and wedge angles play a somewhat lesser role in 
restricting the formation of certain types of complexes. Still, as shown above in the 
example of Tp™S, their influence is not to be discounted. 


Other ways to quantify the steric effects of Tp* ligands were by means of the 
"bite size" (i.e. the distance between the coordinated nitrogens)*°8 and also by means 
of the "ligand profile" measurement, which was applied to several second generation 
Tp* ligands.' Another attempt to compare the pocket size in Tp^' ligands involved 
comparing the areas of triangles formed by connecting the midpoints of the 3-phenyl 
rings in copper(I) complexes.!535 None of these approaches have been widely used. 


3.1.3 Ligand Rearrangments 


The reaction of borohydride ion with 3-monosubstituted pyrazoles leads, in general, 
to regiochemicaly pure Tp® complexes, except for occasional mixtures of Tp® and the 
isomeric Tp*. There are situations, however, when a regiochemically pure ligand 
Tp undergoes rearrangement to Tp®* during the course of complex formation. Such 
rearrangements were also observed with Bp* ligands, but never with pz°Tp® ligands. 
The first instance of Tp* rearrangement was established in the case of the ligands 
Tp? and Tp'?"48" which formed octahedral cobalt(II) complexes with rearrangement 
of the original ligands to Тр?" and to TpPr4P?*, respectively.5 This rearrangement 
was facilitated by the presence of polar solvents, and was explained in terms of the 
combined effects of 


1. the driving force to form an octahedral complex of cobalt(II), and 


2; the inability of six isopropyl groups to be accomodated in the 
equatorial belt of an octahedral complex. 


Similar rearrangments were also found in the case of the regiochemically 
pure TpNP,M complexes, which upon heating were converted to [Тр^*],М,80 and in 
Tp'P"AIR;, 143, which was converted to Tp'B¥* AIR», 144, (R = Me, Et).!104.120! 
Other examples of of such rearrangements were exemplified by Тр?" — Тр?!" in the 
cation [TpP^*;A1]*,55 and in the 3,5-disubstituted system Tp'’*™e,19 The only reverse 
isomerization, from Tp*' to Тр occurred in the case of TpM**, the major product 
from the reaction of КВН, with 3-mesitylpyrazole, which was cleanly converted at 
the melting point of its TI salt to TITpMs.9 


The mechanism of such rearrangements has been thought to be "borotropic", 
proceeding by detachment of one of the pyrazolyl groups from the metal, the 
migration of boron from N1 to № of the detached pz* group, followed by the re- 
coordination of the detached pz* group to the metal, but now through NI. The 
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consensus was that this is a sterically-driven process, leading to a more comfortable 
arrangement of the pz* and pz** groups in the complex. Nevertheless, one could also 
envisage a "metallotropic" mechanism leading to the same result. Here, a bridging 


143 144 


pz* group in B(pz*)M would first become detached from boron (probably with 
assistance by a polar solvent), and undergo a N2 to М1 metallotropic rearrangement 
on the metal, which would proceed through a n?-pyrazolato intermediate. Such n?- 
bonding of pyrazolato groups has now been found to be not that uncommon, and 
applicable not only to the f-group elements,!20?-1209? but also to the first row 
transition metals.!?!? Of particular significance is the structurally characterized 
complex Tp*;UI, which contains one pz* from a Tp* ligand bonding 12, that is side- 
on, to the uranium atom while still connected to boron, !!?* and thus lending support 
to the possibility of a metallotropic mechanism in Tp* ligand rearrangements. 
Finally, one could envisage a rearrangement mechanism in which the pz* group goes 
through a transition state in which it is endobidentate bonded to both, B and M, 
leading in the end to the Tp"' isomer. An example of related bis-endobidentate 
bridging between two metal ions has been recently reported.!?!! 


The only ligand rearrangement going beyond the Tp"' stage, was found in 
the case of TpM*Ir(COD). This initially pure complex, rearranged in solution first to 
TpM**Ir(COD) and then, on heating, to [HB(5-Mepz);(3-Mepz)]Ir(COD).9?? 


3.2 Individual Ligands 


What follows is a coverage of individual ligands, some of which led to the 
most exciting developments in the homoscorpionate area. They are arranged starting 
with RTp* ligands, followed by monosubstituted, disubstituted, and trisubstituted 
(including fused benzo and naphtho rings) Tp* species. In most cases the boron- 
substituted [RTp* } ligands are based on plain pyrazole but, obviously, 3-substituted 
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pyrazoles should also be accessible through the synthetic schemes employed, and a 
few such ligands are included. 


3.2.1 B-Substituted Ligands, RTp* (К + pzX) 


3.2.1.1 MeTp 


This ligand has not been reported, but the related ligand MeTp™® ligand was 
synthesized, and converted to MeTpMeRh(NBD).7? 


3.2.1.2 EtTp 
The EtTp ligand was not isolated as such, but only as part of the boronium cation 
[EtB(-pz);BEt]*, which may be regarded as [EtTp(BEt)]*,!4!!0! and this cation was 
structurally characterized as the [PF,]° salt.!2!2 


3,2,1,3 iPrTp 


Derivatives of iPrTp included iPrTpZrCl;,955 the chlorine atoms of which could be 
sequentially replaced with tert-butoxy substituents.3 


3.2.1.4 BuTp 
BuTp was first prepared from butylboronic acid, and was converted to octahedral 


BuTp2M complexes for М = Mg, Mn, Fe, Co, Ni, Cu and Zn.!! In the zirconium 
complex BuTpZrCl;, the chloride ligands could be replaced with OBu' groups.?6? 


3.2.1.5 MeS(CH;)Tp and MeS(CH;),Tp* 


R 


Me 
s^ 
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3.2.1.5 MeS(CH;),Tp and MeS(CH;),Tp* 


Synthesis of the cobalt complex [MeS(CH;);Tp];Co, and its C NMR was 
reported.78 This ligand, and its MeS(CH;);Tp analogs, 145, were synthesized from 
the commercially available MeS(CH;),BH; and [р2Ё]` + 2 Hpz®. The coordination 
chemistry of the MeS(CH2);Tp® ligands was very similar to that of their Трк 
counterparts, and there was no evidence of the thioether functionality coordinating to 
the transition metal ion.5* 


3.2.1.6 PhTp and PhTp!5" 


The first PhTp;M complexes for М = Mn, Fe, Co, Ni, Cu and Zn were prepared 
from the free acid, [PhTp]H, obtained in situ from the direct reaction of PhBCl, and 
excess pyrazole.!! Complexes PhTpMo(CO),(n)3-allyl) and PRTpMo(CO);(n?-C;H;) 
were structurally characterized. They contained к? PhTp, and n?-C;H; (rather than x? 
PhTp, and n?-C;H;).!?!? Móssbauer studies were carried out on the complex 
Ph'Tp;Fe, and its structure was determined by X-ray crystallography 8% 


The related, but more hindered ligand, PhTp'®", was prepared from PhBH; 
and Hpz'8" in standard fashion. It was converted to PhTp'8"FeMe (via the 
PhTp'®"FeCl precursor). This complex provided an interesting array of derivatives, 
including the structurally characterized 15-electron complex PhTp'P"FeCO, 146, the 
17-electron PhTp'®"Fe(NO), 147, in which the PhTp'8" ligand was found to be x?, 
and the dinuclear [PhTp'P»Fe(OH)];, containing two hydroxy bridges, in which the 
ligand was also к2,1215 


146 147 
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3.2.1.7 TolTp (mixture of m- and p-) 


The above ligand was prepared from the appropriate mixed dichlorotolylboranes, and 
the Tp*;Co complex of the above isomeric ligand mixture was used in a study of 
proton-proton dipolar coupling in ultra-high field NMR.'6 


3.2.1.8 (p-BrPh)Tp 


The similarly prepared p-BrPhTp ligand, permitted the use of the bromine 
substitutent in its octahedral Co! complex, to obtain by means of standard organic 
reactions, the Li, D, Bu, COOH and COOMe derivatives.!?? 


3.2.1.9 (CsDs)Tp 


The phenyl-perdeuterated analog of PhTp was synthesized and converted to the 
complex [(CgDs)Tp],Co, which was used for direct measurment of the electron 
susceptibility anisotropy, using high-field deuterium NMR,!?5:!557 and for the 
determination of multiple quantum 7H spectra.!?!6 


3.2.1.10 FeTp, Fc(Tp);, FcTpV* and ЕсТр?" 


Treatment of ferrocenyldibromoborane with dimethylamine yielded FcB(NMe;); 
which produced, upon reaction with [pz]: + 2 Hpz, the ligand FeTp. This ligand was 
converted to the trinuclear [FcTp];Fe complex, and also to the analogous complex 
based on FeTp4SiMe3, the electrochemistry of which was studied. Derivatives 
[FcTpMo(CO);] , FeTpZrCl;, and FCTpMo(CO)5(?-methallyl) were prepared from 
FcTp, and from the related difunctional Fc(Tp); which was synthesized from 1,1'- 
bis(dibromoboryl)ferrocene. The complex FcTpMo(CO);(m?-methallyl) was 
structurally characterized.5.?5 The related ligands, FcTp"^ and FcTpM*, as well as the 
difunctional Fc(Tp™*), and Fe(TpP^), were synthesized by an analogous route, starting 
with the appropriate 3-substituted pyrazoles, and characterized as their TI salts. The 
structure of [FcTpP^]TI was determined by X-ray crystallography.!?!? 


3.2.1.11 Me,NTp 


The free acid of this ligand, [Me,NTp]H, was readily obtained from (Me5N);B and 
pyrazole. 29.1218 It could be converted directly to the molybdenum derivative, 
[Me3NTp]Mo(CO);(n?-allyl), 148, in which the ligand was x?-bonded through two 
pyrazolyl rings, and through the NMe; group, with the third pz group remaining 
uncoordinated, as was indicated by NMR.130 
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3.2.1.12 Tp-Tp 


This simplest bis-Tp ligand was readily available from (Me;N);B-B(NMe»),. It 
formed intractable linear [(Tp-Tp)M], polymers with divalent first row transition 
metals.®3 This ligand was structurally characterized as the dinuclear palladium 
complex (n3-allyl)Pd(pz)3B-B(pz)3Pd(n?-allyl).!3" 


3.2.1.13 TpM*-TpM* 


This bifunctional homoscorpionate ligand was prepared just like Tp-Tp, but starting 
with HpzM* instead of Hpz. It was converted to [TpM--TpMe]|Mo(CO);NO];, 149, and 
also to [TpM*-TpM*][MoCI;NO];, from which the complex [ТрМе-ТрМе][МоС1(ру- 
tBu)NO], was obtained. It contained two 17-electron paramagnetic centers, which 
were electrochemically active.!219 
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3.2.1.14 Тр?›-Тр?у 


This potentially dodecadentate (bis-hexadentate) ligand, was prepared in the same 
manner as Tp-Tp, but using Hpz?¥ instead of Hpz. Its dodecadenticity was 
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convincingly demonstrated by the synthesis of the gadolinium complex [TpP»- 
Tp*"J[Gd(NO.);]», the structure of which was established by X-ray crystallography, 
showing each Gd to be in a ten-coordinate environment. !?!9 


323 3-Monosubstituted Ligands, TpR 


The placement of a substituent at the 3-position of a Tp ligand has the most telling 
effect on the coordination chemistry of the resulting Tp* ligand. This is because the 
3-substituent is closest to the coordinated metal ion, and it defines the size of the 
cavity harboring the metal, as expressed by cone and wedge angles, or by some other 
means. The effect of a 3-substituent is dominant, and any additional substitution at 
the 4- or 5-positions, while at times of some significance, is of secondary 
importance. 


3.2.2.1 TpM* and pz?TpM* 


The simplest of 3-substituted Tp ligands, TpM*, resembled Tp* in its coordination 
chemistry but, unlike Tp* it also had its tetrakis-ligand pz°TpM® readily available, 
which coordinated just like TpM*. TpMe was synthesized in 1985,7° and it was 
converted to TpMe,M complexes for M = Mn, Fe, Ni, Cu, Zn, Cd and Pb, which 
were structurally similar to their Tp* analogs, !??? as well as to TpM°HgSR,!?? and 
to TpMeHg(2-thienyl) derivatives.! The structurally characterized TpMe;Fe was 
studied by Móssbauer spectroscopy,®?! and together with the Ее!!! derivative 
(TpM*;Fe][PF,] it was studied electrochemically, spectroelectrochemically and by X- 
ray absorption spectroscopy,®?4 while pz?TpMe;Cd was studied by means of Са 
NMR.!??! The salt [EGN][TpM*Mo(CO);] was structurally characterized, !??? as was 
TpMeRh(NBD), in which the ligand was found to be x?-bonded.!!^ 


150 151 


The complex TpM*Ir(COD) underwent rearrangement in solution first to 
TpM*"Ir(COD) and then, on heating, to [HB(5-Mepz);3-Mepz)]Ir(COD).??? The 
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structures of several complexes of the type pz°TpM*AgPR; (R = m-Tol, PMePh;, 
P(CsH,,)3, CH;Ph) were determined by X-ray crystallography. Except for 
pz°Tp*Ag[P(m-Tol)3], in which the pz?TpM* ligand was кз, 150, it was x? in all 
the other complexes, as exemplified by 151. In those cases where the р2°ТрМ° 
ligand was K?, and the silver ion was three-coordinate, it was possible to coordinate a 
fourth ligand, such as imidazole.!05! 


Móssbauer and NMR studies were carried out on TpM* derivatives of tin(IV), 
and the structure of TpM¢SnPhCl, was determined by X-ray crystallography.!??* 
Other complexes of TpM* ligand reported were TpM*Cu(PPh;), TpM*Cu(PTol;),1058 
TpM*Cu(PCy;),!057 as well as [pz?TpM*];Sn and pz?TpM*SnCI.!!?? The reaction of 
[TpM*]: with EtBX; produced the cation [TpM*BEt]*.!!0! 


3.2.2.2 TpPerfuoroalky! (TpCFs, TpC2Fs, TpCsF7) 


The ligand TpC*3 was prepared as the sodium salt, and it was converted to 
TpCF3AgPPh3,”* as well as to Tp£3Mn(CO);, and to the structurally characterized 
Tp€ 3CuCO, which were studied by cyclic voltammetry.?5 The other ligands with 
longer perfluoroalkyl chains in the 3-position, TpC2*s, TpC3F7, were also prepared 
and converted to the corresponding Tp*CuCO complexes. The sodium salt of Tp°2Fs 
crystallized with one molecule of 3-pentafluoroethylpyrazole, and its structure was 
determined by X-ray crystallography, as were the structures of TpC2*sCuCO and of 
ТрСзе7СиСО.96 


3.2.2.3 Tp/**, pz Tp! and Tpi*r* 


The ligands Тр'' and рг°Тр'?' were the first representatives of the Тр" sub-group, 
containing a 3-isopropyl substituent. Later on, variants of these ligands with 
additional 4- and 5-substituents were reported. Tp'’' formed tetrahedral complexes 
Tp''MX readily, but octahedral complexes were obtained only with, presumably 
sterically driven, rearrangement of the Тр'?' ligand to Тр?Р'*, as was proven by NMR 
studies of the paramagnetic (Tp**];Co complex, and by X-ray crystallography. This 
was the first example of homoscorpionate ligand rearrangement from Tp® to Tp®*.5 
The same rearrangement to Tp’? was also observed in the iridium complex 
Tp''Ir(COD), which was converted to Tp"'*Ir(COD).??? The ligand pz?Tp' provided 
the first example of a scorpionate ligand yielding an exclusive series of isomorphous 
tetrahedral complexes, 152, with Mn, Fe, Co, Ni, Cu, and Zn, all exhibiting 
dynamic D5, symmetry, i.e. rapid ring inversion, but without exchange of the 
coordinated and uncoordinated pz'?* arms. The structure and bonding in these 
complexes was investigated by X-ray absorption spectroscopy,!??5 and the complex 
[р2°Тр'?'];Ее by Móssbauer ѕресігоѕсору.!226 Also reported, and studied by EPR 
were compounds Трі?'МоО»Х (X = Cl, OMe, OEt, SPh), of which Tp "MoO;(OMe) 
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152 


was structurally characterized.°*4 The reaction of КТр?' with MoO(S;PR;), resulted 
in ligand rearrangement, affording Tp/""* MoO(S;PR;), which was converted by boron 
sulfide to Tp MoS(S;PR;). Ferrocenium oxidation of Tp** Mo!VE(S;PR;) species 
(E = О or S) yielded the cations [Тр MoIVE(S;PR;)]*. The complex Tp" MoO;CI 
did not react with sulfiding agents to yield the analogous thio derivative.!??? The 
reaction of [Tp/W(CO),]H with propylene sulfide, produced the structurally 
characterized dinuclear[ Tp*W(CO),],S.59? Treatment of [Tp?*W(CO),} with iodine 
yielded Tp"W(CO);,5? and the related tricarbonyl species Et,N[Tp/"W(CO);] and 
[Tp""W(CO)4]H were studied by IR and ММК .6%0 A side-on bonded «?-N,C nitrile 
ligand was present in Tp/"W(I)(CO)(MeCN).?! Titanium imido-complexes, 
exemplified by Tp'?'Ti(=NBu')(Cl)(4-tBu-py), were found to be fluxional, and the 
appropriate activation parameters have been determined.350 


3.2.2.4 Тр", рг°ТрС" (Cpr = cyclopropyl) 


In contrast to the moderately sterically hindered Тр'?' and pz°Tp'', the cyclopropyl 
analogs, TpC* and pz?TpC?' were remarkably unhindered. Thus, they formed readily 
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octahedral complexes TpCP';M without rearrangement to TpCP'*, and displayed a 
chemistry akin to that of the parent Tp, or to TpMe.8? For instance, unlike pz°Tp'’', 
which only yielded tetrahedral complexes, such as 152, with first row divalent 
metals, pz?TpCP' formed only octahedral complexes, exemplified by 153. One 
remarkable feature of TpC?' was the structure of its TI salt, which was a monomer in 
solution, but crystallized as a tetramer containing a perfect Tl, tetrahedron, capped at 
each apex with а Тр©Р' ligand.*! The only instance of ligand rearrangement to TpCPr* 
was encountered during the reaction of Tp°?'Tl with Nb(MeC=CPh)Cl;. The 
resulting product, Tp°?"Nb(MeC=CPh)Cly, was structurally characterized by X-ray 
crystallography. 1542 


3.2.2.5 Tp!?», pz?Tp!5" 


Some of the most exciting results obtained with the second generation 
homoscorpionates, were those involving the Tp'P" ligand (and its variants, containing 
additional substituents at the 5- or 4-positions), often employed as its structurally 
characterized ТІ salt.!2?* First of all, it provided a series of stable tetrahedral 
Tp'?"MX complexes for the first row transition metals, thus earning the monicker 
"tetrahedral enforcer",?3 although it was later shown that five-coordination is 
possible with certain compact bidentate ligands. The tetrakis-ligand, pz°Tp'®", 
produced similar compounds.? The reaction of Tp'P"MCI (M = Fe, Co) with AgBFy 
resulted in fluoride abstraction, giving rise to Tp.» MF complexes.'?2? Octahedral 
coordination of first-row transition metals was never encountered, although it was 
possible with second row metals, such as Mo and W. 
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Monomeric haloberyllium complexes, Тр'В°ВеХ (X = Cl, Br) were readily 
prepared from Tp'P"TI and BeX;, and Tp'®“BeBr was structurally characterized. Its 
reaction with LiAIH, produced Tp'P"BeH, 154, which could be converted to 
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Tp'P"BeSH by treatment with either sulfur or H)S, and to Тр'В"Веї by the reaction 
with I, or with Mel. These compounds were studied by %Ве NMR.!20 Although 
Tp'8"BeMe could not be prepared by treating Tp'P»BeX with MeLi, it was obtained 
by the reaction of Tp'P"TI with BeMe;. Тр'В"ВеМе reacted with iodine and with 
H;S, forming Tp'?"BeI and Tp'P»BeSH, respectively *? 


The first examples of stable, monomeric magnesium alkyls, Tp'PMgR, 
155, were obtained from the reaction of MgR; with Tp'P"TI; the reaction of Тр'В°ТІ 
with RMgX reagents was less clean, leading in some cases to Tp'P"MgR, and in 
others to Tp-P» MgX.5.1103.123! The R substituents included primary, secondary and 
tertiary alkyl groups, CH=CH , CH2SiMe; and phenyl. Several of these complexes 
were structurally characterized.?? Reactivity studies on these compouds showed facile 
replacement of the alkyl groups with protic reagents Z-H, leading to Tp'P"MgZ 
complexes (Z = SH, SR, OR, C=CR, NHPh, Cl, OOBu'), while from methyl 
ketones, RCOMe, the enolate derivatives Tp'®*Mg-O-(CR=CH)) were obtained. 
Insertion of carbon dioxide into the Mg—Me bond produced the acetato complex, 
Tp'?"Mg(OAc), while the reaction with О; led to the formation of peroxo species 
Tp'P" MgOOR.?25.23? The oxygen reaction took a different course in the case of 
Tp'P"MgCH;SiMe;, producing Tp'"®*MgOSiMe;.'?33 The complex Tp'®*MgOEt 
was found to be a catalyst for lactide ring-opening polymerization.!??^ Ligand 
degradation occurred during the reaction of Tp'P»K with VCl;,!235 and also during the 
attempted preparation of Tp'8"Rh(NBD).!236 On the other hand, complexes 
Et,N(Tp'P*W(CO);] and [Tp'®*W(CO);]H were synthesized, and studied by IR and 
NMR.59? A trinuclear complex anion, 156, was synthesized by the reaction of 
Tp'P"CoCI with [Fe(CN)4]*, and the spectral and magnetochemical properties of this 
multispin (S = 7/2, at 292 К) species were determined.!?? The organocobalt 
complex, Tp'P»CoMe was structurally characterized.!529 
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Aiming at a model for the substrate adduct of copper nitrite reductase, the 
complex Tp'P"CuNO;, containing five-coordinate copper with к? nitrite, was 
prepared and studied by epr spectroscopy, as was Tp'8"*CuOSO,CF3, both of which 
were structurally characterized.?5 The first mononuclear copper nitrosyl complex, 
Tp'8"CuNO, 157, was also prepared, and structurally characterized, as was the dimer 
[Tp'P*Cu];, 158, from which the nitroso complex was made by treatment with 
NO.3” This dimer, and related [Tp*Cu]; dimers were studied by еІесігосһетіѕігу.!238 
The chemistry of Tp'P»CuNO, and of related complexes, was elaborated in more 
detail, and they were studied by EPR spectroscopy. Tp'P"CuNO reacted with oxygen 
to form a bidentate nitrate complex, and was converted by CO to Tp'P»CuCO. 259 


The organozinc chemistry based on the Tp'®" ligand was also developed to a 
considerable extent. Stable organozinc compounds, Tp'P"ZnR, were readily 
synthesized from ZnR; and Tp!P"T1,24083 and could also be prepared from 
Tp'P"ZnCl and RLi.!?4? The hydride, Tp'®"ZnH was obtained similarly from ZnH;. 
It reacted with active hydrogen compounds, КЕН, (E = О, S) eliminating H, and 
forming Tp'P"ZnER species, and its hydride was also replaced by halide in reactions 
with, for instance, ССІ, D, or CHBr3, while CO; inserted into the Zn-H bond to 
produce the bicarbonate derivative. The structure of Tp'®"ZnH was determined by X- 
ray crystallography.!241.1088 Tp'BvZnR complexes underwent similar reactions. X-ray 
crystallographic investigations on solid solutions of pairs of complexes Tp'P"ZnMe, 
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Tp'P"ZnCl and Tp'PvZnI showed that the presence of а co-crystallized impurity 
results in an apparent intermediate bond length for Zn-X.!??? Similar phenomena 
were also encountered in mixtures of halide complexes Tp'8"ZnX with 
Tp'®"ZnCN,'*43 and these findings were discussed in a more general review.!?!4 
Other [Tp'P"Zn] derivatives have also been reported, !?^^ and ligand degradation was 
observed in working with some Tp'P"ZnOH complexes.!?55 The structure of 
Tp'P"Zn(OAc) contained a monodentate acetate ligand.'24° Tp'P»CdI was prepared, 
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along with other Tp*CdI complexes, and its structure was determined by X-ray 
crystallography, as were those of Tp'P"CdMe and Tp'P"Cd(x?-O;NO),!?47 
Tp'B"Cd(OAc),!272 and of Tp'®"SnCl.!248 The reaction of CdCl, with КВН; or 
LiBHEt, followed by Tp'P"TI, yielded the stable hydride Tp'P»CdH, characterized by 
NMR.*¢ 


The complex Tp'P"AIMe; was prepared from Tp'P"TI and AIMe;, and was 
assigned a tetrahedral structure with x? Tp!P" ligand.!!?^ The ethyl analog was 
prepared in similar fashion, or through the reaction of Tp'P"TI with AICIEG, and it 
was structurally characterized. It contained four-coordinate, tetrahedral Al, with a к? 
Tp'®" ligand. Over time, this complex isomerized to Tp'8"*AIEt;, which was also 
structurally characterized, and was found to contain the rearranged 5-Bu'pz arm 
uncoordinated.*^20! The In(I) complex, Tp'P"In was readily prepared from Tp'PvTI 
and InCl, and its structure was determined by X-ray crystallography.!?^? However, the 
reaction of Тр'В"ТІ with InI, produced, unexpectedly, Tp'®"In-Inl,(Hpz'8"), 159, a 
dinuclear complex containing an In-In bond, a rearranged Tp!P"* ligand, plus an 
additional coordinated Hpz'P". Its formation involved reduction of In!!! to In!, along 
with some degradation of the Tp'®" ligand.'25° Tp'8" was decomposed upon reacting 
with Gals, yielding the polynuclear species Gay(OH)¢(Hpz'®") jglg.!25! 


The Tp!P" ligand provided the rare exception to the empirical rule that Tp* 
ligands are always at least bidentate. In the sterically very congested complex 
Tp'®4Ni(Tol)(PMe;), structurally characterized by X-ray crystallography, the Tp'®" 
ligand was found to be к!, as was also the case with a Ра! analog.!?5? 


159 
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3.2.2.6 Tp, pz?TpC" (Cbu = Cyclobutyl) 


In terms of its coordination chemistry, the ligand Tp°" was intermediate in steric 
requirements between cyclopropyl and isopropyl. It was isolated as the structurally 
characterized Tp°TI and, like Тр©Р' was converted to an octahedral [Tp°"],Co 
complex without rearrangement, meaning that six cyclobutyl groups could be 
accomodated in the equatorial belt of the molecule. Such structure persisted also in 
solution, as evidenced by the sharp NMR of this paramagnetic complex, which 
showed only one type of pz° present. Like Тр", the Tp‘ ligand formed a 
tetrahedral Tp°*“CoCl complex, which could be converted to the heteroleptic, 
octahedral Тр©®“СоТр.®3 


3:2:2.7 Tp"? and Тр^" (Np = Neopentyl) 


The presence of a methylene spacer between the C3 and the rert-butyl group, as in the 
case in the Tp"? ligand, permitted high flexibility of this bulky substituent via 
rotation of the 3C-CH) bond, so that the tert-butyl group could either crowd in on 
the coordinated metal, or be far removed from it. During the synthesis of this ligand a 
small amount of TpNP* was also obtained, the major product being Тр^Р. 
Structurally characterized octahedral complexes, TpNP,M were formed, but on heating 
they rearranged to TpNP* M. Tetrahedral species TpNPMX were readily synthesized 


160 161 


without rearrangement of the ligand.’ They proved to be very useful for the 
preparation of heteroleptic Со! complexes for NMR studies. A dinuclear complex 
[Tp"?Co];(i-N), 160, was prepared by reducing TpNPCol with magnesium in a 
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nitrogen atmosphere, and its structure was determined by X-ray crystallography. The 

end-on bridging № molecule was bent away from the B-Co axis by about 36°. The 
nitrogen complex was readily converted to TpNPCoCO, 161, in which the CO ligand 
was also bent away from the three-fold axis by about 27°. On the basis of EHT and 
density functional theory (DHT) analysis, such bent structures should be favored in d* 
Tp*CoL complexes.!?5* 


3.2.2.8 Tp and pz?TpC** (Cpe = Cyclopentyl) 


When 3-R was cyclopentyl, the Tp ligand was too hindered to form [Tp°?*])M 
complexes, but readily yielded Тр©Р°МХ species, which could be converted to 
octahedral, heteroleptic compounds, Tp°?*CoTp*, with unhindered Тр" ligands. The 
structures of TpCP*TI and of TpCP*CoTp were established by NMR and by X-ray 
crystallography.9? The tetrakis-ligand, pz°Tp‘P*, resembled р2°Тр!?', in forming a 
purple tetrahedral [pz°Tp©?*],Co complex, and similar tetrahedral complexes with 
other first row divalent transition metals, as well as with zinc.5 


3.2.2.9 Tp® and pz°Tp© (Cy = Cyclohexyl) 


The coordination chemistry of the Tp® ligand resembled that of Тр", but 
this ligand had a much more sizeable hydrophobic pocket. It formed tetrahedral 
TpC'MX species, which could be converted to the heteroleptic octahedral Tp°YMTp* 
complexes with relatively unhindered Tp* ligands.9? A rare example of a complex of 
a Tp* free acid, (Tp°YH][CuCl)], has beeen structurally characterized. It contained a 
hydrogen bond between the protonated pzC arm and one of the chlorine atoms, and it 
was converted by sodium bicarbonate to the dinuclear complex [Тр©УСи]›(и-СО;), 
162, in which the carbonate ion was coordinated in bidentate fashion to each copper 


162 
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atom.* The pz°Tp© ligand formed a series of tetrahedral [pz°Tp°¥],.M complexes, 
containing к? ligands, with no exchange between the coordinated and free pzC arms, 
as was indicated by NMR.® The pz?TpC ligand was also converted to the x? 
complex pz°Tp©YMo(CO),NO, the structure of which showed all cyclohexyl 
substituents to be in the 3-positions of the pyrazolyl ring.!?5* 


3.2.2.10 Tp (Trip = Tripticyl) 


This ligand, containing a 3-triptycyl substituent, has been reported as the ТІ salt, but 
nothing has been published about its coordination chemistry.” 


3.2.2.11 Tp™enth and TpMementh (162 and 163) 


In an effort to prepare Tp* ligands containing a chiral cavity, it was possible to 
synthesize the optically active ligands hydrotris(7(R)-isopropyl-4-(R)-methyl-4,5,6,7- 
tetrahydroindazolyl)borate, 163, abbreviated as TpMenth, 1255 and also the related 
hydrotris(7(S)-tert-butyl-4(R)methyl-4,5,6,7-tetrahydroindazolyl)borate, 164, (= 
TpMementh) 1256 both ligands being isolated as the thallium(I) salts. Their NMR 
spectra were assigned using COSY and HETCOR methods, and their absolute 
configurations and steric properties were established by X-ray crystallography. In 
terms of coordination chemistry, these ligands were intermediate between Тр/?' and 
Tp'P", A large number of complexes was prepared from 163. They included 
TpMerhMCI (M = Mn, Fe, Co, Ni, Cu, Zn), TpM&^^ M(NO.) (М = Cu, Ni), and the 
corresponding acetates. The nitrate and acetate ions were coordinated in bidentate 
fashion. An equilibrium between four- and five-coordination was observed in 
TpMe" Rh(CO),. Interestingly, the TpMe^'^ ligand was isomerized to TpMe"^* during 
the reaction with ТЇСЇ in THF, to produce TpMe»^*TiCl,. The same reaction done 
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in methylenie chloride yielded about 90% of the unrearranged TpM*"'"TiCl;. 
Structures of the complexes TpMen'hznC], TpMementh7nCl, TpMen"Ni(OAc) and 
TpMen^^TiCl; were determined by X-ray crystallography. 


3.2.2.13 pz°Tp™Ph (166) 


Also related to the optically active 163, 164 and 165 ligands, was the ligand 
tetral23, methyl-2H-4,7-methanoindazolyl)borate, structure 166, which was 
abbreviated as pz?TpC?"Ph, and was derived from camphorpyrazole. The complex 
pz?TpC:"PhCuCO was prepared and characterized. This complex was used as a catalyst 
for the cyclopropanation of styrene with ethyl diazoacatate, yielding a mixture of 
cis/trans isomers, with an enantiomeric excess of the trans. іѕотег, 125% 


165 (= Tp?™) 166 (= pz TpCamph) 


3.2.2.14 Tp?" pz°Tp” and Tp"^* 


The TpP^ ligand was one of the original "second generation" homoscorpionates, and 
it proved to be less hindered than Tp'8". For instance, Tp?*CoNCS crystallized with a 
tenaciously retained molecule of THF, as was demonstrated by X-ray crystallography, 
whereas Tp'8"CoNCS was strictly unsolvated. Nonetheless, unsolvated Tp?*M X 
species could also be prepared (M = Co, Ni, Zn; X = NCO, NCS, N;).?? Moreover, 
unrearranged Tp"^;M complexes (M = Fe, Mn) were synthesized, structurally 
characterized, and studied by electrochemistry.!75° By contrast, the Tp?";Co complex 
contained one tridentate, and one bidentate Tp?" ligand, with the sixth coordination 
site occupied by ап agostic B—H—Co bond.!? A still different structure was 
adopted by Tp"';Zn, which was tetrahedral, with x? Тр?" ligands.'26 Tetrahedral 
TpP^CoX complexes with X = Cl, Br and NCS, and heteroleptic ones of structure 
TpP^M(carboxylato) for М = Co and Zn, were also reported.1209-126? The rearranged 
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Тр?" ligand was documented in the structure of the cation [Tp?*,Al]*, which was 
obtained as the [А1С1]` salt, by the reaction of regiochemically pure Tp?*K with 
AICI, 85 


Numerous complexes of the [Tp^]- ligand, such as Tp'"Mo(CO);NO, 
Tp'^Mo(CO);(n?-allyl), Tp’*Mo(CO),(n3-methallyl), TpP^Pd(n?-methallyl) and 
TpP^Pd(m?-phenallyl) have also been reported,’ as were the compounds 
[Et,N] Tp'W(CO)4], [TpP"W(CO),]H.59 as well as the carbyne complex 
Tp?*W(=CTol)(CO)>.5%3 Various rhodium species, exemplified by Tp"Rh(COD), 
Tp?*Rh(NBD) and Tp'"Rh(COD); were studied by NMR, and were structurally 
characterized.'26! Among copper complexes, Tp'^Cu(AcAc) and Tp?*CuX(Hpz?h) 
were reported,!?62 as was Tp?*CuCO,!053 and the structurally characterized 
Tp'^Cu(pterin), synthesized in an approach towards a model for the metal site in 
phenylalanine hydroxylase.!?5? The structure of the cationic copper complex 167 (R 
= Ph) was established by X-ray crystallography, and it was studied by UV/VIS, by 
EPR, and by cyclic voltammetry.” Stereoregular copolymerization of ethylene with 
carbon monoxide was achieved with the structurally characterized complex 
Tp?*Ni(PPh;)(o-Tol), which contained a bidentate Тр?" ligand.!264 


167 


The Тр?" ligand was used extensively in Zn and Cd chemistry, directed in 
part at the preparation of catalysts, and of biological enzyme models. Thus, the 
synthesis of TpP^ZnX (X = halide, NO3, SR),!240-1265.1266 was reported, and 
Tp?*ZnBr was structurally сһагасіегігей.!267 The two carboxylato complexes 
Tp'"Zn(OOCCH;CN), 65 and Tp?*Zn(OAc),!245:!26? were studied as catalysts for 
the decarboxylation of cyanoacetic acid, and for malonate decarboxylation, 
respectively. However, the reaction of КТр?" with Zn(CIO,); led to ligand 
degradation.'?45 The homoleptic complex TpP^;Cd, unlike its zinc analog, was 
octahedral, with the phenyl rings interpenetrating between the pyrazolyl planes, as 
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was the heteroleptic TpP^Cd[pzTp]. Also reported were Tp?"CdBp*, and related 
heteroleptic complexes,!??? the structurally characterized TpP^CdBp,!99? and the 
mixed complexes ( TpP^Cd[HC(pz*);]) [BF4] and { TpPCd[HC(pzP^),]) [BF,].?9? The 
compound Tp?*Cd(OAc) was converted to a variety of cyclic ether or thioether 
derivatives, Tp'^Cd(OAc)L, where L was THF, dioxane, propylene oxide, 
cyclohexene oxide, and propylene sulfide, several of which were structurally 
characterized by means of X-ray crystallography. The ligand L dissociated in solution, 
generating a five-coordinate species, which served as a model for the initiation step in 
the copolymerization of epoxides with carbon dioxide, catalyzed by metal 
carboxylates. 12711272 The reaction of [Tp?*] with indium iodide produced the air- 
stable, monomeric TpP^In, the structure of which was determined by X-ray 
crystallography.!??? Lanthanide complexes Tp’",M (M = Sm and Yb) have also been 
prepared, !493 


The tetrakis-ligand, [pz?Tp"^]Na was synthesized, characterized as the TI 
salt, and converted to complexes [pz?Tp"^]Mo(CO);NO, [pz?TpP^]Mo(CO);(n?- 
allyl) and [pz Tp*^]Pd(r?-methally1). 


3.2.2.15 Tp™ and pz°Tp™! (Tol = p-Tolyl) 


The ligand TpT*!, and other para-substituted Тр?" ligands, behaved similarly to Тр?" 
in their coordination chemistry, although they protruded a bit further beyond the 
metal and, depending on their substituents, could increase or decrease the electron 
density of the Tp* ligand. Tp™! was synthesized by the method used for preparing 
Tp?h,86.470 and it was used to prepare complexes of the type Tp'°'MX, (М = Co, Ni, 
Zn, and X = NCS, NCO and N;).56 The tetrakis ligand, р2°ТрТ°! was also 
reported.4” Both, ТрТ°! and pz°Tp™! were converted to the anions [Tp*Mo(CO);] and 
their reaction with various aryldiazonium cations was studied with respect to the 
formation of the three possible products: Tp*Mo(CO),(N>Ar), the aroyl species 
Tp*Mo(CO);(n?-COAr), and the chlorocarbyne Tp*Mo(CO),(=CCl).4” The structure 
of Tp™'TI was found by X-ray crystallography to consist of head-to-head dimers in 
the crystal.!274 


Structures of the monomeric Tp™!MgSH and Tp™!MgSeH complexes, 
which were obtained by treating Tp™'MgMe with HS and H;Se, respectively, were 
also determined, '275 as was that of the monomeric Tp™!MgSePh, which was prepared 
by the reaction of TpT'MgMe with PhSeH. The same compound could also be 
obtained from the reaction of Tp™!MgMe with (PhSe);.!?76 Monofunctional zinc 
derivatives, Tp™!ZnX (X = CI, Br, I, NO3) were synthesized, as were the alkyl 
derivatives Tp™'ZnR (R = Me, Et, Bu', Ph), obtained in good yields either by the 
reaction of Tp™!ZnCl and LiR, or from ZnR; and Tp™'K.!65 At the same time, and 
somewhat surprisingly, the reaction of KTp™! with Zn(ClO,); led to ligand 
degradation. !245 


126 HOMOSCORPIONATES — SECOND GENERATION 


3.2.2.16 Тр^" and pz°Tp^ (An = p-Anisyl) 


This ligand was prepared by the melt method, 1277 was purified as the TI salt, and 
was used to synthesize Tp^^MX complexes (M = Co, Ni, Zn; X = NCO, NCS, 
№) 8 as well as the molybdenum derivatives Tp’"MoCl,NO and Tp^"Mo(CO);NO, 
the latter structure being established by X-ray crystallography.'2”7 Other 
molybdenum species prepared were the structurally characterized Tp?" Mo(NO)CI(NH- 
2-MeC4H,4) and Tp^"Mo(NO)CI(OPh) complexes, and a substantial number of related 
analogs, which were studied by electrochemistry.!?7$ The five-coordinate copper 
cation 167 (R = An) was investigated by UV/VIS, by EPR, and by cyclic 
voltammetry.?? Tetrahedral zinc complexes Tp^"ZnX were obtained from the reaction 
of Tp^"K with ZnX; (X = Cl, Br, I, NO3), while Tp^^ZnR (К = Me, Et, Ви, Ph) 
resulted from the reaction of Тр^"2пСІ with RLi, or the reaction of Tp4"K with 
ZnR;.?55 On the other hand, the reaction of Tp^"K with Zn(CIO4);(H5O); led to 
hydrolysis of the ligand, and to the isolation of the structurally characterized dinuclear 
zinc complex, [pz^^Zn(u-OH)];.'?5 The pz°Tp^" ligand was converted to 
[pz"Tp^"]Mo(CO);NO, the structure of which showed all anisyl substituents to be in 
the 3-position of the pyrazolyl ring, which was in line with the lack of observed 
rearrangement in any of the pz°Tp* ligands.!25* 


3.2.2.17 Tp" (o-An = o-Anisyl) and TpPh(oSMe) 


The isomer of Тр^" (para-anisyl), Tp?^^, was synthesized and structurally 
characterized as Tp?^^TI.8 This ligand formed a very unusual cationic trinuclear 
complex with silver ion of composition ((Tp?^^];/ Ag;]", isolated as the perchlorate 
salt, in which the Tp* ligand was interacting with the silver ions in a trinucleating 
(шз-т\!:т\!:т|!) bridging mode, as was determined by X-ray crystallography. Such 
arrangement involved "inversion" of the Tp?^^ ligand, so that the two B-H bonds 
were pointing at each other.5? Structure of the complex [TpP^?5Me9Cu(H;O)][PFs] 
was determined by X-ray crystallography, which showed the SMe groups not be 
involved in coordination.!560 


3.2.2.18 Tpacrm 


This ligand was prepared in the usual fashion and was characterized as the TI salt. It 
was converted to Tp4CIP)MX derivatives (М = Co, Zn; X = №, NCS, NCO), and to 
Tp ^C P»Mo(CO);NO and Tp'CPMo(CO);(-methallyl).8? Its К and TI salts were 
studied by 'H and ?C NMR spectroscopy.?? 


3.2.2.19 TpFhh» 


The reported chemistry of this ligand was limited to the preparation of the copper 
cation 167 (R = p-fluorophenyl, see p. 124) which was studied by UV/VIS, by 
EPR, and by cyclic voltammetry.99 
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3.2.2.20 Tp?^ (Tn = 2-thienyl) 


This ligand turned out to be remarkably unhindered, as it readily formed stable 
octahedral Tp™,M complexes with first row transition metals, of which Tp™,Co 
was structurally characterized, but it failed to provide stable Tp™MX species, except 
for Zn. The octahedral heteroleptic and paramagnetic complex Тр'"СоТр'?'48' was 
obtained from the reaction of Tp™T! with Tp/*4P'CoCI and it was characterized by 
NMR, while Tp™,Fe was studied by Móssbauer spectroscopy.?! The five-coordinate 
copper cation 167 (R = 2-thienyl) was also prepared, and it was studied by UV/VIS, 
by EPR, and by cyclic voltammetry. Lanthanide complexes Tp™,M (M = Sm and 
Yb) have also been ргерагеа.!493 


3.2.2.21 Тре" (Fn = 2-furyl) 


The only reported chemistry of this ligand was the preparation of the copper cation 
167 (R = 2-furyl), the structure of which was established by X-ray crystallography, 
and which was studied by UV/VIS, by EPR, and by cyclic voltammetry.?? It would 
be expected to be as unhindered as Tp™. 


3:2,2:22 Тру and Tp™ (Ms = mesityl) 


Among the various Tp* ligands, TpM* is unique in many ways. It was synthesized 
with the purpose of having a Тр ligand with the phenyl groups essentially 
orthogonal to the pyrazolyl planes, and having a minimal amount of rotational 
freedom. TpM* has the smallest wedge angle among the Tp* ligands. It is the only 
one where the "as prepared" ligand is predominantly (80%) the 3,3,5-isomer, TpM**. 
It is also the only one where the thallium salt of the asymmetric TpMs* ligand, 
168, rearranges completely to the symmetric one, 169 above its melting point. 


168 169 
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The two complexes TpMSMo(CO),(n3-methallyl) and TpMs*ZnI were structurally 
characterized. Tetrahedral TpMSMX and TpV**MX complexes (M = Co, Zn, Cd; X = 
I, NCS, NCO) were readily obtainable. Also synthesized, and characterized by NMR 
were the complexes TpM**Mo(CO),(n3-methallyl), TpMSRh(COD), TpMSRh(CO),, 
Tp™sPd(n3-methallyl), TpM**Rh(COD), TpMs*Rh(CO)>, and TpMs*Pd(n3- 
methallyl).?? A surprisingly stable, monomeric copper(I) complex, TpV*Cu(THF), 
was structurally characterized, and converted to the nitrosyl derivative, TpV*CuNO, 
which was studied by spectroscopy, along with TpMsCuCO. In the presence of excess 
NO, Tp™SCuNO disproportionated to TpV5Cu(NO;) and N,O.!279 


3:2.2.23 Tp" and Tp^"'* (Ant = 9-anthryl) 


Another Tp* ligand with a flat 3-substituent, nearly orthogonal to the pyrazolyl plane 
was Tp^"', isolated as Tp^"'TI. The cobalt thiocyanate derivative, Tp^"'CoNCS, was 
also synthesized, and its structure was determined by X-ray crystallography. This 
revealed that about 6 % of Tp^"'TI had co-crystallized with Tp^"'CoNCS. The anthryl 
substituents were all twisted on the average by 28? from orthogonality to the 
pyrazolyl plane, presumably as a result of non-bonding interactions of their terminal 
2,3 and 6,7 hydrogens. The pocket, generated by the three anthryl groups, was 
capable of stabilizing crystallographic disorder between a vacancy, and a chain of 
three atoms. 9? 


3.2.2.24 Тр“ and TpPN. (Nt = naphthyl) 


These two ligands, based on 3-(a-naphthyl)pyrazole and 3-(B-naphthylpyrazole), 
respectively,?? were of intermediate steric hindrance between TpP^ and Tp^"', They did 
not form octahedral homoleptic complexes, Tp*;M, but yielded readily tetrahedral 
species, Tp*MX, from which the heteroleptic complexes Tp*'CoTp and TpPN'CoTp 
were obtained, and structurally characterized by X-ray crystallography. While the 
Tp? ligand enveloped the sides in this complex, making the back of the Tp ligand 
stick out of the pocket, the Tp?" ligand generated a more open on the sides, but 
deeper pocket, which totally engulfed the Tp ligand.83 


3.2.2.25 Тро40мозР№ 


The structure of the ТІ salt of this ligand, Tp? 4'0MO2PPT| , was determined by X-ray 
crystallography. The molecule was monomeric in the crystal, and there was no 
interaction between the ortho-methoxy group and the TI atom.5? 


3.2.2.26 Tp" (Py = 2-pyridyl) 


In contrast to the other 3-substituted Tp* ligands, which could coordinate at most in 
tridentate fashion, the ligand Tp?Y,92!780 with its additional three coordination sites 
was potentially hexadentate, as shown in 170, and this hexadenticity was 
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demonstrated in several complexes, notably those of lanthanides and actinides, which 
have the best fit for this particular ligand pocket. The first reported complex where 
Tp? was coordinated in hexadentate fashion was the structurally characterized 
Tp’¥EuF(MeOH)).'?8° Utilizing all their nitrogen atoms, two Тр?У ligands provided 
an icosahedral №: coordination environment, in the structurally characterized cations 
[TpP5M]* (M = Sm, U).??! In the complex Tp?¥Th(NO3); the Tp?Yligand was 
hexadentate, and the nitrate ions were bidentate, with the molecule having C3, 
symmetry. On the other hand, in TpUO;(OEt) the Tp ligand was tetradentate, had 
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170 

one arm detached, and the structure was a pentagonal bipyramid.!?9? The structures of 
ТрРУТІ and ТрРУАр were also determined. In the former, there were three short 
(averaging 2.67 À) TI bonds to the pyrazolyl nitrogens, and three long interactions 
(average 3.18 A) to the pyridyl nitrogen atoms. The structure of the cationic silver 
complex, [TpP;Ag;]* was more complicated, consisting of a triangular cluster of Ag 
atoms, containing the Tp" ligands above and below the triangle, each contributing 
one pz? arm to each silver atom.!?5? A detailed study of Tp?” coordination with 
trivalent lanthanide ions led to three series of complexes, two of which were cationic, 
and one neutral, each type being characterized by X-ray crystallography: 
[Tp"M(MeOH)F][PF,], [Tp*M(NO);]as well as (TpP*;M][BPh;). The 
[ТрРУМ(МеОН)Е]* cation contained hexadentate ТрРУ, and eleven-coordinate 
lanthanide ion. [ТрРУМ(МО;)›] contained a hexadentate Tp", while the lanthanide 
ion was ten-coordinate. Finally, the cation [Tp";Eu]* had the already described 
icosahedral geometry.'28 In the complex [Tp®¥Pb(NO3)](0.5Et,O), the Pb! ion had 
four strong interactions (bond lengths 2.49-2.657 А) with the pyrazolyl nitrogen 
atoms and one oxygen atom from the nitrate ligand, and three weak ones (bond 
lengths 2.80-2.99 A) with pyridyl nitrogens and with one nitrate oxygen atom. 


With first row transition metals, the structures of some Тр?У complexes 
were more complicated. For instance, the reaction of Тр?УК with Mn(OAc), produced 
а tetranuclear tetracation [Tp?¥Mn]**, which was structurally characterized.!?55 With 
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Cul, the Tp” ligand afforded the complex [Tp?¥,Cus][PF.] with an intricate structure, 
including a triangle of copper atoms, as was determined by X-ray crystallography. 
This complex was studied by EPR and by electrochemistry.!?86In the mononuclear 
[TpP/Cu(H;O)][PF;], the structure revealed а square-pyramidal copper, coordinated to 
two arms of the ТрРУ ligand and to an axial water molecule, while the uncoordinated 
arms interacted in chelating fashion with a proton from the axial water molecule.!287 


3.2.2.27 Тр(РУ6Ме) [Py6Me = 2-(6-methyl)pyridyl] 


Related to TpPY was the ligand ТрРУбМе), 171, differing from the former by 
containing additional 6-Me pyridine substituents. These substituents precluded the 
Тру M9 ligand from coordinating in hexadentate fashion, and lanthanide complexes 
(Eu, Tb or Gd) showed tetra- and penta-coordination instead, with one or two pyridyl 
groups remaining detached. On the other hand, these pyridyl groups formed strong 
hydrogen bonds to coordinated water, as was shown by structure determinations for 
several such complexes. Luminescence properties of such complexes were also 
investigated.'433Structure of the cationic complex [Tp?»M9Cu(H5O)][PFg] was 
established by X-ray crystallography. 1560 


171 


3.2.2.28 трен; 


This ligand, 172, resembled Tpi”, except that instead of two methyls, the carbon 
attached to the 3-position contained two phenyl groups. It was prepared 
regiochemically pure, and gave no evidence of rearrangement. Structures of the 
complexes [Tp°#?h2]CoCl and (TpCH?^]TI of this ligand were determined by X-ray 
crystallography. The six phenyl groups were not symmetrically disposed around the 
Co ion in the crystal, but in solution they were all NMR-equivalent. Despite the 
presence of six phenyl groups around the metal ion, [Tp°4?h2}CoCl reacted rapidly 
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with ТрТІ, forming the heteroleptic octahedral complex, TpCHPh2CoTp, in which the 
TpCH?h2 ligand was unrearranged, as was confirmed by ММК 83 
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The ligand hydrotris(3-pyrrolididopyrazol-1-yl)borate, 173, was synthesized and 
converted to the TI salt, the NMR of which showed no rotation around the N-CO 
bond. The structure of [ТрСО(“С4На)]ТІ was determined by X-ray crystallography, 
which showed all the polar oxygen atoms to be directed at the TI ion, although they 
were not within bonding range. Unlike most Tp*TI salts, (TpCO(NC4H8)]T] was 
soluble in methanol, due to the presence of the polar pyrrolidido substituents.53 


3.2.3 4-Monosubstituted Ligands, Tp4R 


The 4-substituent on the pyrazolyl ring is remote from both, the coordinated metal, 
and from boron, being thus of little steric consequence. However, such 4-substituents 
may influence the electron density of the ligand through electron donation or 
withdrawal, although such effects have not been studied in any systematic way. 


3.2.3.1 Tp^M* and рг°Тр+Ме 


The first synthesis of this ligand was reported in 1996, and it was converted to a 
variety of Sn! derivatives of general structure Tp^MeSnCI,R; ,, which were studied 
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by Móssbauer spectroscopy. Two of these tin complexes, Tp^M*SnCl, , and 
Tp*eSnCl,Ph, were structurally characterized.°? A similar series of tin(IV) 
complexes was also synthesized, and studied by Móssbauer spectroscopy, employing 
the tetrakis-ligand, [р2°Тр*М]-. The complex [pz?Tp*M*]SnCl, was structurally 
characterized.!?88 An extended series of octahedral complexes [Tp*M*];M and 
[pz°Tp*™¢],M (M = Mn, Fe, Co, Ni, Cu, Zn, Cd) was prepared, and studied by 
spectroscopy, while the structure of [Tp*M*],Zn was determined by X-ray 
crystallography.'289 It was found that a reversible chlorine gas uptake and release can 
be achieved with the solid complex [Tp*Me];Ru.856 


3.2.3.2 т" 


This is the oldest reported Tp*® ligand, which was used to prepare the octahedral 
Tp*?",M complexes of Со and Ni.!! 


3.2.3.3 Тр“во 


The Tp*8" ligand behaves in terms of its coordination chemistry like the parent Tp, 
however, its derivatives have higher crystallinity and melting point.8? 


3.2.3.4 Tp‘! 


Octahedral complexes of this ligand, [Tp*€!];M, were synthesized for M = Mn, Fe, 
Co, Ni and Cu. The first four displayed unusually high thermal stability, 
decomposing above 430 °C, and even the copper complex was thermally stable up to 
300 °C.!! The complex Тр1Мо(СО),(т3-аПу!) has also been synthesized.‘ 


3.2.3.5 Tp‘ 


The first reported complexes of this ligand were [Tp*®'}Mo(CO),(13-allyl) and 
[Tp*?*]Mo(CO);(?-methallyl).!? Also reported were the octahedral [Tp*?r];M 
compounds (M = Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb), which were studied by 
spectroscopy, including !!?Cd NMR, and the structure of the octahedral [Tp*9'],Cd 
complex was established by X-ray crystallography.!? The tetrahedral complexes 
(Tp*®"]Ag(PR;) (R = Ph or benzyl) have also been prepared, and the former was 
structurally characterized.?? Organomercury complexes of general structure 
[Tp*P']HgR (R = Me, Et, Pr, iPr, Ph and CN) were synthesized, and studied by 
NMR. 1290 


3.2.4 5-Monosubstituted Ligands, Tp“? 


As of now, there are no examples of 5-monosubstituted Tp* ligands, as asymmetric 
pyrazoles give rise to 3-substituted Tp* ligands or, rarely, to 3,3,5-substituted ones, 
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Tp**. Only one example of rearrangement to а 5,5,3-ligand was reported for the 
complex [HB(5-Mepz);(3Mepz)]Ir(COD), arising from the original TpMeIr(COD).?? 


3.2.5 C-Disubstituted Ligands 


All three types of C-disubstituted homoscorpionates are known. By far, the most 
commonly encountered ones are those with 3- and 5-substituents, Трк, including 
ligands with either identical 3 and 5-substituents (К = R'), abbreviated as Tp®?, and 
also those where R is different from R'. Although the key feature of the ligand is still 
the 3-R substituent, which defines the steric environment of the coordinated metal, 
the presence of a 5-substituent does provide some steric protection at the B—H end of 
the ligand. Furthermore, in the ligands Трк, where the 3- and 5-substituents are 
identical, there is no problem with ligand rearrangement since, even if a borotropic or 
metallotropic rearrangement were to take place, it would be degenerate, and the 
rearranged ligand would not be different from the original one, and still contain the 
same 3- and 5-substituents. As a rule, when the two substituents differ in size, the 
larger one winds up exlusively (or predominantly, if the size difference is only 
modest) in the 3-position, while the smaller one becomes the 5-substituent. Ligands 
Tp'BuMe, Tp'Bu.To and even Тр'Вч'Рг аге good examples of this generalization, being 
obtained as single isomers. 


The 3,4-disubstituted Tp* ligands are of two types: those derived from a 3- 
substituted pyrazole, which was additionally substituted in the 4-position either by 
halogenation, which is very facile with pyrazoles, or by the introduction of an alkyl 
group (usually tert-butyl), which is more difficult. The other type contains a fused 
benzo-, or naphtho-ring at the 3,4-positions of the pyrazole, that is, the Tp* ligands 
are hydrotris(indazol-2-yl)borates. The known examples are limited to ligands derived 
from indazoles which contain either a 7-alkyl substituent, or a 6,7-fused benzo ring 
(plus additional substitutents elsewhere). 


There is a fair number of examples of 4,5-disubstituted Tp* ligands. They 
all are derived from indazole itself, and from substituted indazoles containing any 
combination of 3-, 4-, 5-, and 6- alkyl or aryl substituents, but excluding those with 
a 7-substituent. The reason for this "abnormal" regiochemistry of indazolylborates 
seems to lie in the higher electron density on the 2-N in indazole, which overrides the 
small steric effect of the C-H from the fused benzo ring, and facilitates the 2-N 
bonding to boron. Only when a 7-substituent is present, does the steric effect 
overcome the electronic one. This sub-class of homoscorpionate ligands provides a 
unique example, where the Tp* ligand contains a protective pocket around boron, but 
at the same time the access to the coordinated metal is as unhindered as with the 
parent Tp. 
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3.2.5.1 3,4-Disubstituted Ligands 


3.2.5.1.1 TpiPrabe 


This particular variant of Тр'?' was a convenient ligand, because its derivatives were 
easier to crystallize, as compared with Tpi”. Unlike рг°Тр?', the pz°Tp'’"4®" analog 
remains unknown. Tetrahedral Tp'’48"MX complexes, such as the structurally 
characterized Tp'?B*CoCl,!?9! were very convenient sources for the preparation of 
numerous heteroleptic Tp/P^P'MTp* complexes. These were exemplified by the 
structurally characterized ТрїР“В‹СоТр, Tpi?r4BrCoBpPh, Tp/Pr4BrCoTpPh with а к? 
Тр?" ligand plus an agostic B—H—Co bond, Tp/*4P'Co[Ph;Bp] containing a five- 
coordinate cobalt,!??? and by Tp/Pr4PrNiTp*.!2? The dinuclear nickel complex 
[Tp/?4PrNiNCS]; had five-coordinate nickel, bridged by two NCS ligands (see 142, 
p. 104).86 On the other hand, the analogous cobalt species was monomeric. 5 


A stable hydrido bis(dihydrogen) complex Tp'P^PFRuH(H;);, prepared via 
hydrogenation of TpiP^4P'RuH(CO), has also been reported in conjunction with a 
study of ruthenium polyhydrogen complexes, 966568 and the imidotitanium complex, 
Tp'?®'Ti(=NBu')Cl(py-4-Bu'), has also been reported.?5? The three rhodium 
derivatives, Tp!?"48™Rh(CO), Tp/?^4^PrRh(COD) and Tpi/P^4B9'Rh(NBD), were 
synthesized as part of a к?-к? isomerism study in such species.!'4 Rather interesting 
heteroleptic dinuclear complexes of the type Tp'”"®*Ni[(,1-pz)3IrCp*], Tp/?r4P'Ni[(u- 
pz);Rh(n°-p-cymene)] and Tp'?"#8rCo[({1-pz)(u-Cl)IrCp*] were synthesized and 
several of these structures were determined by X-ray crystallography. These 
complexes contained what may be regarded as metal-based scorpionate analog ligands, 
[АгМ(р2);]`.29° The five-coordinate heteroleptic complex, 174, was synthesized and 
structurally characterized, !?94 


Br 


174 
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3.2.5:1.2 Tp'BudBr 


This derivative of Tp'8" had very similar coordination chemistry to that of Tp!P", but 
a comparison of their TI salts showed it to have somewhat smaller ?05T1-13C 
coupling, suggestive of a looser structure than in Tp'P".53 

3.2.5.1.3 TpOr4Br 


This analog of TpC* formed readily TpC*.4P'MX derivatives, and these could be 
converted to heteroleptic paramagnetic TpC'4P'CoTp* complexes, which had well- 
defined, confirmatory NMR spectra. The structure of TpC*4P'T] was determined by 
X-ray crystallography.5? 

3.2.5.1.4 qpiPrts 


The interesting feature of this ligand was that the t-butyl group in the 4-position 
prevented the 3-isopropyl group from rotating its methyl groups away from the 
coordinated metal, making Tp/P'*'". in effect, the equivalent of Tp'®", but probably 
without free rotation. The structure of its tetrahedral cobalt(II) complex, 
[Tp ^BvCoNCS, was determined by X-ray crystallography.5* 


3.2.5.1.5 Tp*(175) 


The ligand Tp?, with the systematic name (Hydrotris(2H-benz[g]-4,5-dihydroindazol- 
2-ylborate), 175, was prepared by tethering the 3-phenyl group with a -CH;CH;- 
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link to the 4-position of pyrazole. Octahedral Tp*,M (M = Co, Fe, Zn) complexes, 
the heteroleptic Тр"СоТр^, plus rhodium complexes Tp*Rh(COD), and the 
structurally characterized Tp*Rh(CO), were synthesized. 


3.2.5.1.6 Tp^ (176) 


This ligand, hydrotris(1,4-dihydroindeno[1,2-c]pyrazol-1-yl)borate, 176, had the 
phenyl groups coplanar with the pyrazolyl plane. However, the short methylene 
tethers pulled the phenyl groups away from the metal, making the ligand sterically 
unhindered and forming unrearranged homoleptic and heteroleptic complexes.!0* 


3.2.5.1.7 Тр (Hydrotris(2H -benz[g]indazol-2-yl)borate) 


The ligand Tp**, 177, was similar to 175, but the change from an ethylene to 
ethyne tether resulted in coplanarity of all three rings. Octahedral Tp**;M, and 
heteroleptic Tp?* MTp"? complexes were formed easily, but the large cone angle led 
toa K^structure іп Tp**Mo(CO),(13-methallyl), along with an agostic B—H—Mo 
bond. А к? structure would have entailed prohibitive non-bonding interactions of the 
third Tp?" ligand arm with the ?-methallyl ligand,!°!-!°3 Complexes Tp?* CoTpNP, 
Tp^Rh(COD)and Tp**Rh(CO), were also reported, and the first one was 
characterized by NMR. 


3.2.5.1.8 Tp?Bo7Me 


This was one of the two reported indazole-based homoscorpionate ligands, containing 
boron bonded to the less-hindered nitrogen atom. It is related to structure 178. 
Tp?P^7Me was characterized as the TI salt, which was found to have the highest 
205T1-13C coupling among the known Tp*TI compounds, J = 416 Hz. Despite its 
large cone angle, it was capable of forming the octahedral [Tp?P97Me];Co complex, 
and also the structurally characterized heteroleptic one, (Tp?997Me]CoTpN?, which 
was determined to be octahedral in the solid state by X-ray crystallography, and in 
solution by NMR.!?! 


3.2.5.1.9 Tp?Bo7tbv and Tp(38o,7Bu)* 


This was the most sterically hindered homoscorpionate ligand prepared so 
far, as can be seen from structure 178. Tp?» reacted with Co(NCS), only under 
forcing conditions, and with ligand rearrangement to Tp*8°-7'8"*, which produced the 
structurally characterized [Tp9897B9*)CoNCS. The cobalt-based ligand cone angle 
derived from that complex (calculated from the unrearranged part of the ligand) was an 
awesome 3159.101.102 As was mentioned before, indazoles containing substituents in 
positions other than 7, produce ligands of the type 179, in which boron is bonded to 
the more hindered nitrogen. 
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3.2.5.1.10 TpBn4Ph 


This ligand was characterized by NMR as the TI salt, and also as the heteroleptic 
complex [Tp®"4Ph)CoTp .83 


3.2.5.1.11 TpP4Et and Tp34(CH2)n) (n = 3, 4, 6 and 10) 


These very lipophilic ligands were isolated as TI! salts, the NMR of which indicated 
an isomer mixture for the Tp(-4(CH2)n) ligands, but not for Тр", which was 
structurally characterized as the octahedral [TpP'4Et];Co complex.5? 


3.2.5.2a 3,5-Disubstituted Ligands of Type Tp®? 


3.2.5.2а.1 Тре 


The only reported complex of this ligand was TpF?Mo(CO);NO, obtained irom 
nitrosation of the anion [Tp®'2Mo(CO),]°.!9 


3.2.5.2a.2 Трі?'2 


The TpiP? ligand has been used quite extensively, mainly with the first row 
transition metals, and with zinc, much of the work being aimed at the modelling of 
various metalloenzymes.!?95 Dinuclear complexes, [ТрїР°?М(ц-ОН)]›, have been 
converted to the carbonato-bridged derivatives, (Tp'?M]»(U-CO3), in which the Fe, 
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Co, Ni, and Cu complexes contained a bis-bidentate carbonate ligand, while in the Zn 
complex, the carbonate ion was bidentate to one Zn ion, and monodentate to the 
other. !2% The (Tp? Mn(u-OH)]; complex was oxidatively converted to the (H-O)z 
moiety,!297 but in the presence of excess H,O, a monomeric side-on peroxo species, 
Tp/"?Mn(O;)(Hpz/"?) was isolated, exhibiting thermochromism, according to the 
formation of a hydrogen bond between the Hpz'? proton and the peroxo oxygen. Its 
structure was determined by X-ray crystallography,!?98 as was that of the complex 
Tp/'Mn(OOCPh)(Hpz/P?),129? The reaction of [Тр''2Мп(ц-ОН)]; with HpziP? 
yielded the structurally characterized [Tp'?Mn],(u-OH)(u-pz'???).13 Acetic acid 
converted (Tp "?Mn(u-OH)], to [Tp/?Mn];(u-OH)(u-OAc) which was oxidized, 
yielding two isolable species: Tp? Mn!(u-O);(u-OAc)Mn!VTp/P? and 
[Tp/"?Mn!l!];(u-O)(u-OAc). 9?! The trinuclear complex TpMn''(u-OH)(u- 
OAc);Mn'I(u-OH)(u-OAc);Mn!lITp?? was also reported.!30? The tertiary hydrogen of 
the 3-isopropyl group іп [Tp'"?Mn(u-OH)]; was sensitive to oxidation by the Mn- 
coordinated oxygen, and gave rise to the structurally characterized 180. It was also 
possible to isolate a novel Zn(OAc) derivative containing the Tp??? ligand with one 


180 


isopropyl group per ligand hydroxylated at the tertiary position.!393!304 Similar 
results were obtained starting with a thiolato complex, Tp'P?MnSR.'?0? The 
asymmetric complex, Tp"?Mn(u-O;CPh),Mn(Hpz/"?), has also been reported.'306 


A chemistry similar to that above has also been demonstrated with iron. 
Mononuclear complexes of structure Tp'P?Fe(OAr) were prepared by treating 
Tp'??FeCl with [ОА], and they were converted by oxygen to Tp'"?Fe(OAr); 
species,!??? which reacted with m-chloroperbenzoic acid producing catecholato 
derivatives through hydroxylation of the phenolate ortho-position.!?95 Extradiol 
oxygenation of such catecholato complexes was studied, !?99 and rather persuasive 
evidence was presented for the reversible formation of a peroxo adduct of 
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Tp'?2Fe(O,CPh)(NCMe).!3!° Binuclear iron complexes of structure [TpP?Fe(u- 
OH)];, convertible to [Tp/"?Fe];(I1-OH)(u-O5CPh),!3!! and the structurally 
characterized (Tp/??Fe]5(u.-O;)(t-O;CCH;Ph);, obtained by the reaction of oxygen 
with Tp'"?Fe(O;CR), were also reported.!?!? Protonolysis of Tp."?RuH(H;); with 
trifluoromethanesulfonic acid yielded the aqua complex [TpP?Ru(H5O);( THF)J*, in 
which the THF could be replaced by a variety of N- and P-donor ligands.!!? 


Oxidation of [Тр'Р'2Со(р-ОН)]; with НО» yielded a dinuclear и-тү?:т\?- 
peroxo complex, [Tp/P?Co];(u.-n?:n?-O;), which on decomposition formed the Co 
analog of 90 (see p. 67).!3!* A very detailed study of this reaction, including the 
isolation and structural characterization of the partially oxygenated species leading, 
ultimately, to the fully oxygenated complex HB[3-(CMe;OH)-5-Pr'pz];CoOH, has 
been conducted.!?!5 Complexes Тр!?'2МСІ (M = Fe, Co, Ni) reacted with 
CH,=CHCH,MgCl, to yield the respective Tp"? M(allyl) derivatives. However, in 
the of Ni and Co derivatives the allyl substituent was n°, and the structures were 
square-pyramidal, while with Fe it was т\!, and the structure was tetrahedral, as was 
that of Tp ?Fe(CH;- Tol).!!6 The structure of the complex Tp" ?Ru(H)(COD) 
showed a к? Tp??? ligand, in which the unattached pz*? arm was hovering above the 
Ru atom, which was in a square pyramidal configuration.!?? The ligand denticity 
equilibria in the complex Tp'?Ir(COD) were studied by NMR.’ Dehydrative 
condensation of the palladium complex к?-Трі?'2Ра(ру)(ОН) with HOOZ yielded а 
series of hydroperoxo, tert-butylperoxo and и-регохо species, of which 
Tp? Pd(pyY(O;Bu!) and [Tp"?Pd(py)];(Li-O;) were structurally characterized. 2! It 
was suggested on the basis of the structures and IR spectra of Тр'?'2КЬ(СОР) and 
Tp/"?Rh(NBD) that the BH stretch frequency can be used to differentiate between к? 
(= 2470 стг!) and x? (> 2470 cm-!) bonding of the Tp* ligand. 2! 


The Tp/"?Cu chemistry resembled that of Mn and Fe. For instance, 
[TpiP2Cu(g-OH)] was converted to Tp/?Cu(O;CPh-3-CI),* to [Tp"??Cu]j(u- 
12:n2-O2),!3!9 studied in detail by spectroscopy??? to TpiP?Cu(p-nitroacetanilido) 
involving N,O-chelation,!??! to the carbonato-bridged [Tp'?**Cu],(u-CO3),*5 and to 
thiolato derivatives Тр!?'2Си5Ви‹,!322 and Трі?'2СиЅС,Е;.!323 Such thiolate 
complexes were used to model Resonance Raman spectra of the blue copper 
proteins.!?? An unusual C-S bond cleavage іп the thiolate complex Tp/P?CuSCPh; 
gave rise to the dinuclear complex [Tp/P?Cu];(u.-m?:n?-S;), 181.1074 The reaction of 
[Tp??2Cu];(u.-n2:3?-O5) with CO or with PPh, produced the respective Tp'"?CuL 
species, with loss of охуреп,!07.1325 while the reaction with NaN; yielded 
[ТрїР?Си],(и-ОН)(и-М;).!225 The structures of most of the above complexes were 
determined, and their electronic states subjected to extended Hückel MOP 
calculations.!? Two different alkylperoxo complexes TpiP?Cu(OOBu!) and 
TpiP?Cu(OOCMe;Ph) were prepared, and the latter one was structurally 
characterized.!3?? The monomeric Tp/P?ZnOH was found to cleave phosphate esters, 
and the structure of [Tp/??Zn];(u-O;PAr) was determined by X-ray 
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crystallography.!?? It also reacted rapidly with CO», forming the asymmetrically 
bridged [Tp/P?Zn];(u-CO;).19?9 TpiP2ZnX complexes were compared with those of 
other Тр" ligands, 246 and the structure of Tp'®®CdI was determined by X-ray 
crystallography.!247 


3.2.5.2a.3  Tp!bw 


Tp'?? contained, unlike the other Tp* ligands with 3-Bu' substituents, a second Ви 
group in the 5-position, which introduced considerable strain around the boron atom, 
resulting in a twisted conformation of this ligand. In addition to the K salt, the Cs, 
and TI salts, as well as the Тр'В°2МІ (М = Zn, Cd) complexes have been prepared, 
and the structures of all were determined by X-ray crystallography.!°8 The reaction of 
[Tp'9:2]- with "Gal" produced the structurally characterized monovalent gallium 
complex Тр'В"2Са, as well as its Gal; adduct, Тр'В'2Са—Са!,.'330 Tp'82Ga could 
be oxidized with Se or Te to yield the corresponding Tp'8"?Ga=E (Е = Se, Te) 
complexes, the structures of both being established by X-ray crystallography.!??! In a 
very similar reaction the sulfur analog Tp'P??Ga-S was obtained.!3?? By contrast, the 
reaction of Tp'®#?In with sulfur yielded the tetrasulfido derivative Tp'P'?In(n?2- 
54.1333 The highly twisted Tp'8"2In was also prepared, and in comparing its 
structure to that of the previously reported Tp'®"In,!?4? the structure of the latter was 
corrected.!334 Tp'Bu?In could be oxidized with Se (but not with Te) to yield 
Tp'?"?In-Se, the first structurally characterized example of an indium complex with a 
valence multiple bond.!335 


3.2.5.2a.4  Тр©Рз? 


Unlike the other Tp®? ligands containing electron-donating substituents, the ligand 
Tp(€F3? contains six strongly electron-withdrawing trifluoromethyl substituents, 
which are sterically resembling methyl groups. It was used mainly to study Cu and 


32 LIGANDS TpR? 141 


Ag complexes. The Tp“) ligand was synthesized in standard fashion, 6 and was 
structurally characterized as the TI salt.!!7 It formed complexes such as 
TpCF32A gPPh; Tp(CF3?CuPPh;, and the salt [EGN][Tp(CF3?], the structures of 
which, and of related species, were determined by X-ray crystallography,4 as well as 
the carbonyls Tp(€F32CuCO,!336 апа Тр(СЕз2Мп(СО),. These complexes, which 
were characterized by high CO stretching frequency, were studied by cyclic 
voltammetry.?5 The structures of Tp/CF32Cu(CNBu'),!??? of the potassium salt 
TpC 92K, !!6 of the silver complexes TpCF32AgCO and Tp(CF2A g(CNBu'),!339 as 
well as of the silver(I) and indium(I) derivatives TpCF32Ag(THF) апа Tp(CF3?In,!340 
were determined by X-ray crystallography. In a rather detailed and thorough study of 
TpCF3)2AgL complexes, those with L = THF, toluene, CO, H;C-CH;, HC=CH, 
CNBu', and Bu'CN were synthesized and structurally characterized.!?*! The gold 
complex Tp/CF32Au(CO) was found to have a tetrahedral structure, but 
Tp F32Au(CNBu') was highly asymmetric, with one short, and two long Au—N 
bonds. 1242 


3.2.5.2a.5 Три 


This ligand was reported at the same time as Тр'?'2, although it has never quite 
achieved the popularity of the former, being somewhat less user-friendly. Copper(I) 
derivatives thereof, Tp?*2CuCO and Tp?®2CuPPh, were synthesized and 
characterized.!?95 Treatment of the copper(I) acetone adduct TpP?Cu(OCMe;) with 
dioxygen, gave rise to [Tp Cu];(O;),!? which was studied by ѕресігоѕсору.!220 
The copper(I) dimer, [TpP?Cu]; was synthesized and its structure was determined by 
X-ray crystallography. There was a linear arrangement of N—Cu—N units, each Cu 
being coordinated to nitrogens from two different ligands, while the third pz? arm 
remained uncoordinated. By contrast, in TpP'?Cu(Hpz"^?) the ligand was к? and 
copper was in a tetrahedral environment. These complexes were studied by 
electrochemistry.!?38 


The reaction of NO with Tp”*?Cu(Hpz™?) produced TpP?Cu(NO), which 
was viewed as a possible model of nitrite reductase,!?*? and some TpP?ZnX 
complexes have also been герогіей.!265 Silver complexes stabilized by phosphines, 
having the general structure TpP2Ag(PR;) (R = Ph, o-tolyl, m-tolyl, p-tolyl, benzyl 
or cyclohexyl) were prepared by the reaction of a mixture of KTp"?, Ag(O3SF;) and 
PR; in tetrahydrofuran. Related complexes, Tp? Ag(PMePh;) and TpP?Ag(NCR) 
were also synthesized, and the structures of Tp? Ag(PPh;) and of TpP"?Ag(PBz;) 
were determined by X-ray crystallography, showing in each case a tetrahedrally 
coordinated Ag іоп.!343 Zinc derivatives TpP?ZnX (X = Cl, Br, I) have also been 
reported.!?265 Numerous TpP?HgR complexes (К = Me, Et, Pr, iPr, Ph, Tol, Bz, and 
Fc) were synthesized, and the structure of TpP??HgEt was found to be the first 
instance of the HgR moiety being tetrahedrally coordinated to a tripodal N-donor 
ligand.!290 
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3.2.5.2b 3,5-Disubstituted Ligands of Type Трк 


3.2.5.2b.1 Трі?"Ме and TpiPrMe* 


Unlike Тр?Р' which was obtained regiochemically pure, the "as prepared" ligand from 
KBH, and 3-isopropyl-5-methylpyrazole, was already a roughly 7:3 mixture of 
Трі?Ме and Tp?Pr.Mo*, The derived LMX complexes, and the LTI salt could be 
converted to pure Тр? Ме derivatives through recrystallization, but the LM species 
were those of Tp? M9*, Molybdenum complexes LMo(CO),NO, LMoL,NO and 
LMo(OR);NO were also prepared, and the regiochemically pure Tp'*MeMoNO(OE0; 
was structurally characterized.' If was found that when the L ligands in 
[Tp/PrMe/TpiPr.Me*] MoNO(L) were large (OPr, OBu', NHPh, NHTol) the mixed 
complex rearranged to pure Tp MeMoNO(L,). 13 These rearrangements were studied 
in detail, and the structure of Tp'’*“*MoNO(OPr'), was also determined.!?*5 A 
convenient method called "inverse recrystallization" was effective in converting the 
mixed LCol complex to pure Тр'Р"МеСо/. !346 This cobalt complex was used in the 
activation of dioxygen, through its reduction in the presence of № or CO to yield 
[Tp/?*MeCo];N; or Tp/"M*CoCO, respectively. The latter could be converted to 
Tp" MeCo(O;) by treatment with oxygen, while the former yielded Tp" MeCo-O,- 
CoTp'?Me, Decomposition of these complexes led to (Tp M*Co];(j11-OH)», and to 
dehydrogenation of one isopropyl group per ligand to isopropenyl.'347 The complex 
Трі?"МеСо(О;) could be converted to the dimeric, structurally characterized species 
Tpi?\MeCo(t-O,),CoTp!’™™e, with each Co five-coordinate, and linked via two -O-O- 
bridges.” The diamagnetic complex Tp" MeCo(CO); was prepared, and structurally 
characterized. It was in equilibrium with CO + Трі?"МеСо(СО), and the pertinent 
thermochemical parameters were determined.!348 


3.2.5.2b.2 Трвчме 


This ligand was formed as a single isomer, and no rearrangement to Тр@ВМе)* has 
ever been observed. Its tetrahedral derivatives were somewhat more stable than those 
of Tp'84, and the 2°STI-'3C coupling іп Тр'В®МеТ| was larger than that of Tp'P"TI, 
suggesting a tighter "bite". The first structurally characterized complex was 
Tp? MeCo(O;) containing a side-on superoxo ligand,'5 followed by the monomeric 
Tp'9" MeNiNCS (the complex Tp/P^4PrNiNCS was a дітег).86 The structure of 
[Tp'®"MeCoCO],Mg(THF),4 has been Пеіегтіпей,!253 as were the structures of 
Tp®™MeCuCl, of (Tp'P»MeCu]; and of Тр'ВМеТ|. A comparison of the last three 
with their Tp?" analogs suggested an increase in structural rigidity due to the 5-Me 
substituents. The Cr! derivatives, Тр'8°МеСүСІ and Tp MeCrCI(Hpz'EvMe) have 
been structurally characterized, and the former could be converted to Tp'8“MeCrR. 
derivatives (R = Et, Ph, CH;SiMe;), all of which possessed the cis-divacant 
octahedral structure, with the R substituent deviating by about 30? from the B--Cr 
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characterized chromium(IV) complex, 182, thought to have arisen through an 
intramolecular rearrangement of the precursor k?- Tp'P» MeCr(O,)Ph. 35! 


Mp о 
H505 
H— B- № N— Co ——— 
m» 
183 184 


The complex 183, which was obtained by slow diffusion of oxygen into crystalline 
Tp'P».MeCoH, was converted by hydrogen peroxide to the dinuclear 184, and both 
structures were determined by X-ray crystallography.!5?! Other cobalt derivatives, 
such as Tp'B"MeCo(N3), the rather stable Tp'P»MeCoR (R = Me, Et, n-Bu), and 
Tp'P"MeCo(CH5-CH;), were also synthesized, and the ethylene complex was 
structurally characterized.!529 


The Tp'?"M* ligand was used extensively in the studies of zinc, particularly 
in trying to model the enzyme carbonic anhydrase. This required the availability of a 
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stable, monomeric Tp*ZnOH complex, and the structurally characterized 
Tp'" MeZnOH met this criterion.!352.135 Its reaction with CO» produced very rapidly 
and reversibly the bicarbonate complex, Tp'P»MeZn(OCO,H), which was then slowly 
transformed into the dinuclear carbonato complex, [Tp'B".MeZn];(u-n!,n!- 
C04).1329.1354 Tp'Bu.MeZnOH could also be readily converted to the alkylcarbonato 
derivative, Tp'E» MeZnOC(O)OR, which was decarboxylated under high vacuum, 
producing Tp'BvMeZn OR, 1355 Tp'®4MeZnOR could be prepared much more cleanly 
by the reaction of the hydride Tp'P» MeZnH with ROH. The resulting alkoxide readily 
equilibrated in the presence of water with the hydroxide. Upon reaction with aromatic 
aldehydes, the complex Tp'P» MeZnOCH,Ar was formed, along with an aldehyde or 
ketone, derived from the original OR ligand.!5?6 Other reported zinc complexes had 
the general structure Tp'8"MeZn(L), and included Tp'®™MeZnOAc,!246 
Tp'P" MeZpF,!09 Tp'BuMeZn(OR) and Tp!'P MeZn(OAr), 1356 and also those where L 
was either cysteine or histidine,? а drug molecule,” ог a sulfonate ligand.!357 
Various phosphate esters were cleaved by Tp'P» MeZnOH, 35 and this complex was 
also used to cleave diphosphates, sulfonatophosphates and disulfonates.!?59 Tp* 
ligand degradation was found to occur in the reactions with Zn(CIO,); 125 


Tp'P" MeCd(NO;) was synthesized, along with several other Tp*Cd(NO3) 
complexes, and the relevance of the nitro ligand denticity to carbonic anhydrase 
activity was discussed.!?*? The structures of Tp'®™MeCuCO and [Tp'P""MeCu], were 
determined, with the dimer containing "inverted" ligands, and B—H—Cu bonds.!*5? 
The structure of Tp» MeSnCI was a distorted trigonal bipyramid with the chloride in 
an axial site, and the lone pair іп the equatorial position.!?^* Reported lanthanide 
complexes included Tp'P»MeYbI(L) (L = THF or lutidine),!3 the iodide in which 
could be replaced to produce Tp'P» MeY b[N(SiMe;);], Tp'P» MeYb[CH(SiMe;);], 
Tp'P»MeYb(CH,SiMe;), and Tp'P» MeYb[u-HBEt)( THF), the first example of a 
complex with a coordinated [HBEt;] ligand.?! The structures of [Tp-P" Me], Yb, and of 
its Sm analog, contained one tridentate and one bidentate ligand, along with an 
agostic B—H—M bond. Exchange processes in these complexes were studied by 
NMR.? Isocarbonyl complexes of divalent samarium and ytterbium were obtained in 
good yield by the reaction of Tp'Bu.MeLnI(THF) with the ((CSH;Me)Mo(CO)4]- 
anion, The air- and moisture-sensitive products were structurally characterized, and 
found to be dimers, [ТріВч.Мег n(THF)(U-CO)7Mo(n-CsHyMe)(CO)3}>, in which 
two of the carbonyls per Mo were O-bonded to the lanthanide ion.!36? 


3.2.5.2b.3 TptBuirr 


The synthesis and NMR study of the TI salt of this particular variant of the Tp'8" 
ligand have been reported,?? and so was Tp'P"/PrCu(O;), containing side-on bond 
oxygen molecule,!* the copper(I) dimer [Tp'®“’rCu], and the copper carbonyl 
Tp'8«?rCuCO,!359 Complexes of structure Tp'®"PrFe(L), where L was OAc, OH, 
and O(O)COPh, some of them with an additional coordinated Hpz!"iPr molecule, 
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were synthesized and several of them were structurally characterized. The 
benzoylformato complex, Tp!P»iPrFe[O(O)COPh] contained five-coordinate iron, 
including chelation through the vicinal oxygen atoms of the benzoylformato 
ligand.!?6* Several tetrahedral cobalt complexes, including Tp!'B"iPrCoOH, 
Tp'P»iPrCo(OAc) and Tp'P»iPrCo(OOCCMe;Ph) have also been prepared. The 
structure of the last one was established by X-ray crystallography.!?!5 Another 
reported, and structurally characterized, complex of this ligand was 
Tp'BuPrMn(OOCMe;Ph), which was obtained by the reaction of Tp'E»iPrMnOH with 
cumyl hydroperoxide. 1365 


3.2.5.2b.4 Tp'8.T (Tn = 2-thienyl) 


This ligand was another variant of Tp'?", It was characterized as the TI salt, and its 
coordination chemistry resembled that of Tp?" Me, Complexes Tp?" T^MX (М = Co, 
Ni, Zn; X= Cl, Br, NCS, NCO) were prepared and studied by ММК 8 


3.2.5.2b.5 TpCF3aMe 


This ligand was first reported in the reaction of converting the ethylene complex 
TpCF3e[r(CO)(CHy=CH;), in which the Tp* ligand was x2, into the octahedral 
hydrido vinyl complex Tp°F3MeIr(CO)(H)(CH=CH)).!36 The stability of ethylene 
versus hydridovinyl complexes in Rh and Ir systems was the subject of theoretical 
studies. The TpCF3™€ ligand was also used, along with other Tp* analogs, in a 
study of x?-k? isomerism іп Tp*Rh(diene) systems.!!^ Among various other Rh 
complexes, that of Tp°3M*Rh(CO)> was structurally characterized.!?9? The ligand 
denticity equilibria in the complex TpCF»MeIr(COD) were studied by NMR.” The 
copper(I) complex ТрСЕзМеСи(МеСМ) was structurally characterized, and it was 
converted to the unstable nitrosyl complex TpCF:MeCuNO, which reacted with 
additional NO to produce the copper(II) derivative, Tp€F»M*CuNO;, containing а 
symmetrically bonded nitrite ion. The kinetics of this reaction were studied, and the 
CO complex Tp°F3eCuCO was synthesized.'279 


3.2.5.2b.6 TpCFsta 


The synthesis of this ligand, and the structure of its TI salt, ТрСЁз.Т"Т| have been 
reported.!!5 The structure of Tp°F3:™Rh(CO), was determined by X-ray 
crystallography, and it was similar to that of TpCF*MeRh(CO),.97* 


3.2.8.2b.7  Tp^Me and TpPTe 


This ligand is the prototype of a larger family of its Tp^rMe variants. It was obtained 
as a single regioisomer, and structurally characterized as the Tp" McZnI сотріех.!0* 
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Other Tp?""“eZnL complexes (L = OR, OAr, cysteine, histidine) have also been 
prepared, 5.1356 as was Tp'^MeRh(COD).!!4 The к?-к? equilibria in the complex 
TpP"MeIrCOD) were studied by NMR.’ Complexes Tp"MeZnSR (К = Et, 
CH5Ph) were obtained by the reaction of Tp McZnOH with the corresponding 
thiols. Their conversion to the appropriate methyl thioethers was regarded as 
modelling comparable chemistry catalyzed by cobalamine independent methionine 
synthase. !89 Various types of phosphate esters were cleaved by TpP^ MeZnOH. 1338 
Nickel complexes, Tp'^ MeNi(O-ethylcysteinato) and TpP^MeNiCI were synthesized as 
part of a study of five-coordinate nickel-cysteinate centers.!5* The reported 
complexes of the Tp*^T^ ligand were TpP^T"NiNO; and Tp” T?ZnOAc. 1564 


3.2.5.2b.8 Тром (Tol = para-tolyl) 


А zinc complex of this ligand, TpT?^ MeZnF, and the dinuclear malonate derivative 
[Tp'? MeZn(OOC)];CH; have been reported, the former complex being structurally 
characterized. 9? 


3.2.5.2b.9 — TpC"mMe and TpCumMe* 
(Cum - 4-isopropylphenyl) 


This ligand, which has a deeper pocket than TpT?'Me, was first introduced by 
Vahrenkamp in the complex Tp°"™“*ZnOH, which was effective in cleaving 
stoichiometrically some esters and amides,! 1365 various types of phosphate 
esters,!338 as well as diphosphates, sulfonatophosphates and disulfonates.!^5* During 
a detailed study of the rich chemistry of TpC'" MeZnOH, the presence of a small 
amount of the isomeric ligand, TpC""Me* was discovered, and some of its derivatives 
were isolated. The reaction with H3S afforded TpC"MeZnSH and TpC'mMe*ZnSH, 
and the structures of both were determined, as were those of (TpCMe*Zn]5O and 
[TpC™MeZn},S. The Zn-O-Zn sequence was linear, while Zn-S-Zn was bent. Other 
derivatives of structure Tp°"™MeZnL were those with L = OCOOR, SC(S)OEt, 
SC(O)NHPh, the dinuclear sulfito complex (TpC"MeZn];[1-O5SO], 355.1369 as well 
as those with L = alkoxide or aryloxide,!356 SR (К = Ph, CH;Ph, CH;CH;Ph).!370 
sulfonates, 357 cysteinates and histidinates,“° drug molecules,?? nucleobases, their 
natural precursors, nucleosides and nucleotides.!??! Alkyl carbonate derivatives, 
Tpo™MeZnOC(O)OR could be prepared from ТрСч"Ме2пОН and dialkylcarbonates, 
or from alcohol and CO;.55In the unusual dinuclear monocation, 
(Трст MeZnOH];H]*, the two oxygens were bridged asymmetrically by a proton, 
which could be regarded as a mode of stabilization of the Zn-(H,O) species. !??? 


Despite the bulk of the ТрСч"Ме ligand, the octahedral complex 
(ТрСот"Ме] „Со was prepared without ligand rearrangement. It reacted with 3,5-di-tert- 
butylcatechol to yield the 3,5-di-rert-butyl-1,2-semiquinonate (3,5-DBSQ) complex, 
TpCmMeCo(3,5-DBSQ). Similar Tp€"nMeM(3,5-DBSQ) complexes were also 
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prepared for M = Cu and Zn, by the reaction of ТрСч"-МеМ(ОН) with 3,5-di-tert- 
butylcatechol. They were structurally characterized, and their redox properties were 
explored.??? In a closely related study, the reaction of (2,3,9,10,16,17,23,24- 
octahydroxyphthalocyaninate)nickel(II) (= NiPc(OH)g) with Tp» MeM(OH) gave rise 
to NiPc(OH)((OZnTpCn-Me),. which upon addition of base was converted to the 
fully chelated species, NiPc(O?ZnTpC""Me),. Similar chemistry was observed 
between TpC'n MeZn(OH) and 5,6-dihydroxyphthalimide.'374 The unusual trinuclear 
copper complex, 185, contained square planar copper, with one long Cu-N bond per 
TpCemMe ligand, and it could be regarded as a complex of Cu(OMe), with two 
identical Tp€".MeCuOMe entities. The structure of the sulfanyl derivative, 
Tpo™™MeCu[O(MeS)C¢Hy] has also been reported. 175 


185 


3.2.5.2b.10  TptBuPh.Me 


One of the reported, and structurally characterized, complexes of this ligand (tBuPh = 
4-Bu'-phenyl) was Tp!'P»P^MeMgOH, which was prepared from Tp!'P»P^MeMgMe by 
treatment with one equivalent of water. Despite the bulk of this ligand, this complex 
was not a monomer, but rather a hydroxide-bridged dimer.!!! Other complexes of this 
ligand which were prepared and structurally characterized were Tp'P»P^MCu(NCMe), 
Tp'BePhMeCu(CO), Tp'»P»MeCu(PPh;), and Tp8"?hMeCu(PBut);. In the first three 
complexes copper was tetrahedrally coordinated with a x? Tp'vP^Me ligand, but in the 
last one the Tp!'PvP^.Me ligand was x?, and the copper ion was in a trigonal 
environment. An effort was made to gain insight into the structure of the pocket 
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around the metal by calculating and comparing the areas of triangles formed by 
connecting the midpoints of the 3-phenyl rings.!555 


3.2.5.2b.11  Tp?P»Mc 


The preparation of this ligand followed standard procedures,!!? and it was converted to 
several zinc complexes, Тр?РУ.Ме7пХ.!376 The structure of a dimeric cationic 
complex, containing two [Tp?**M*Zn] moieties linked by a [H3O;] bridging entity 
was determined by X-ray crystallography. One of the 3-pyridyl nitrogens from a 
neighboring Tp* ligand coordinated to each zinc ion, making it five-coordinate.!??? 
Tp*?yMeZnOH was found to cleave several types of phosphate esters.!?3 


3.2.5.2b.12  Tp?PicMr (Pic = 4-methylpyridyl) 


The chemistry of TpPicMe resembled that of ТрРУМе, and its dinuclear cationic 
complex ((Tp?PieMeZn],[H3O;]]* had a similar structure to that of the Tp?¥Me 
analog.!??? Its hydroxy derivative, Тр?'Ме2пОН, was found to be effective in 
cleaving phosphate esters,!38 sulfonatophosphates and disulfonates.!358 


3.2.5.2b.13 Трв"Ме and Tp™ Me 


The Tp?^M* ligand (Bn = benzyl) was characterized as the TI salt, and also by the 
NMR spectrum of its homoleptic Со! complex [TpP^Me],Co.53 A Cu(II) complex of 
the Tp™€ ligand (Tn = 2-thienyl), Трт"МеСиСІ, was reported.!564 


3.2.5.3 4,5-Disubstituted Ligands 


The only examples of 4,5-disubstituted Tp* ligands were those derived from indazoles 
containing a variety of alkyl or aryl substituents in the 3-, 4-, 5-, and 6-, but not in 
the 7-position. 


3.2.5,3.1 Tp??? and pz°Tb48° 


The synthesis of Tp*P^ ( = hydrotris(indazol-2-yl)borate) and of pz°Tp*®°, along with 
a number of their complexes, has been reported some time ago, although none of the 
reported compounds had been structurally characterized, and no basis for the particular 
structure assignements was given; moreover, some of the claims could not be 
уегібей.!377.1378 A more careful synthesis of the tetrakis(indazolyl)borato anion led to 
à tentative structural assignment of this ligand, on the basis of analogy with the 
benzotriazolylborato analog, as pz°Tp*®° (rather pz°Tp*®°).!!9.!6 The first structural 
characterization by X-ray crystallography of the Tp*®° ligand was іп its molybdenum 
complex, Tp*9»Mo(CO);(r?-methallyl).!!3 Apart from X-ray crystallography, a 
reliable way of resolving the Tp*®° versus Tp38° issue was on the basis of the NMR 
spectra of paramagnetic Со! homoleptic Tp®°,Co, or heteroleptic Tp?°CoTpNP 
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complexes, where the remaining 3- or 5-protons of the pyrazolyl core could be readily 
distinguished, appearing at about -100 ppm, and at +70 ppm, respectively.!! 
Complexes Tp*®°;MMe; (M = Pd, Pt) were synthesized, and SCF calculations have 
indicated that Tp has a larger intrinsic "bite" than the isoelectronic HC(pz)3.!379 


3.2.5.3.2 T pBo5NO2, pzoTp4Bo.SNO? 


This ligand and some of its complexes have been reported, but no satisfactory 
structure proof has been provided.'*8 Similarly, several SnR; derivatives (R = Me, 
Bu, Ph) of the ligand pz?Tp*Bo5NO? have also been reported. !38! 


3.2.5.3.3 TT piBosNH; 


This ligand and some of its complexes have been reported, but no satisfactory 
structure proof has been provided. !39? 


3.2.5.3.4 Тр+Во,5Ме 


In a definitive paper, representative examples of the Tp?P? and Tp*8° families of 
ligands were described. Their most convenient characterization rested on the 'H NMR 
of their octahedral Co"! homoleptic, or heteroleptic (with Tp"? as the other ligand) 
complexes, as each proton appeared in a unique, and easily distinguishable region of 
the NMR spectrum. The Tp^Po5Me ligand was characterized as the TI salt, and it was 
also converted to the octahedral complexes [Tp!Bo.5Mel;Co, Tp48°5MeCoTpNP and 
Tp#8e.5MeMo(CO),(13-methallyl). Compounds [Tp?B.5Me]; M (M = Fe, Zn) were 
also synthesized.!0! 


3,2.5.3.5 Тр“Во,5Е1 


The Tp*8°5Et was characterized as the TI salt, and structurally identified through the 
NMR of its [Тр#Во.5Е'],Со and [Tp*8°-5E]CoTpN? complexes. The compound 
[Tp?Bo.5Er]; Fe was also synthesized.!0! 


3.2.5.3.6 qpiBostbu 


The ТрїВо.5'Ви ligand was characterized as the ТІ salt, and its regiochemistry was 
elucidated through the NMR of its [Tp*Po5?»]CoTpNP complex. The compound 
[Tp48°584JMo(CO),(n3-methallyl) was also synthesized. 0! 


3.2.5.3.7 Tp4BosPh 


The Tp*8°-5Ph ligand was characterized as the ТІ salt, and its regiochemistry was 
established through the NMR of the [Tp?Bo5P^]CoTpNP complex.!0! 


150 HOMOSCORPIONATES — SECOND GENERATION 


3.2.5.3.8 Tq pBo46Mez 


The Tp?B^4.Me2 ligand was characterized as the TI salt, and its regiochemistry was 
elucidated through the NMR spectra of the cobalt(II) complexes [Tp*P*45Mc2],Co 
and [Tp*8°4.6Me2]CoTpNP. Other derivatives of this ligand, such as [Tp*8°4Me2},Fe 
and [Tp#8°46Me2]Mo(CO),(q3-methally!) were also reported.!0! 


3.2.6 Trisubstituted Ligands 


There is quite a variety of known 3,4,5-trisubstituted Tp* ligands, but only two of 
them, ТрМ°З апа Трв", had three identical R groups. Some trisubstituted ligands 
were derivatives of Tp*, where either a halogen, or an alkyl group has been 
introduced into the 4-position prior to synthesizing the Tp* ligand, and in some cases 
halogenation of Tp* took place upon halogenation of the coordinated metal. In 
general, the 4-substituents did not introduce major deviations from the coordination 
chemistry of the ligand with the same 3- and 5-substituents, Since many of the 
trisubstituted Tp* ligands contained 3- and 5-methyl substituents, and Трме2 is also 
denoted as Tp*, we shall abbreviate TpMc?^* ligands as Tp**. Other ligands where all 
three substituents are identical, which will be Tp®?, 


3.2.6.1 TpMe = Tp'Me 


The ligand synthesis, and its octahedral complexes [Tp™®])M (М = Mn, Fe, Co, Ni 
and Zn), were reported іп 1967,!! the complex (TpMe?];Fe was studied by Méssbauer 
spectroscopy,'+80!:819.821 and a study of the temperature and pressure dependence of 
the electronic spin states of (TpM*?];Fe (and of related Fe and Co complexes) was 
carried out. Dinuclear complexes of Ni!!! and Co!!! were prepared by oxidation with 
H50; of the hydroxy-bridged precursors, [ТрмеМ(ОН)], to [TpMM(O)];. Both were 
of low stability, but the structure of the №!!! complex could be established by X-ray 
crystallography. ^? The rhodium complex TpM®Rh(COD) was prepared and studied 
in the context of ligand к?2-к? equilibria.!!^ The к2-к? solution equilibria of the 
complex TpMeIr(COD), and of numerous related Tp*Ir(COD) complexes were studied 
by NMR.?? Various complexes, such as ТрмеНрЅЕх, 1222 TpMe3MoCI,NO and 
TpM?Mo(CO);NO have been reported, 9^ as also were [TpM*3Mo(CO)3} and 
Tp™**Mo(CO)(n?-COMe).*55 A number of tin(IV) derivatives TpM?SnCl,Me;., was 
synthesized, and the structures of ТрМе5пСІ,Ме and of TpM&*K were determined by 
X-ray crystallography,'*85 but attempts to recrystallize TpM?SnCIMe; led to 
decomposition of the ligand.'386 


3.2.6.2 Tp*** 


This ligand was converted to two complexes: Tp*F'Mo(CO);NO and 
Tp*F'MoCI)NO, which were characterized by NMR.!384 
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3.2.6.3 Tp*8u 


The early compounds derived from Tp*?" were the octahedral [Тр*В°],М (M = Co, 
Zn) complexes.!! More recently, Tp*®*Mo(CO),NO and Tp*P"MoCI;NO were 
reported, and the structure of the former was established by X-ray crystallography.!?5* 


3.2.6.4 Tp*^" (Am = n-pentyl) 


This ligand was converted to two molybdenum complexes: Tp**™Mo(CO),NO and 
Tp*4™MoCl,NO, which were characterized by NMR.!38 


3.2.6.5 Трв" (Bn = benzyl) 


A variety of compounds was prepared from this ligand, all derived from the starting 
anion [Тр*В"М(СО);] (M = Мо, №). These included the structurally characterized 
complex Tp*®"Mo(CO) NO, which exhibited an "inverted bowl" structure. This 
complex, and its W analog, were converted to derivatives Tp*??MNO(X)(Y) (X = Y 
= Cl, I or OC;H,-p-Me; X = Cl, Y = OMe or OC;H,-p-Me), which were 
characterized by spectroscopy.!?! 


3.2.6.6 Tp*c! 


Inadvertent formation of the Tp*C ligand occurred during chlorination of 
Tp*Mo(CO);NO,!? but the direct synthesis of this ligand was easy.!!^ Niobium 
complexes of Тр*С! containing, in addition, the thematic PhC=CMe ligand, and 
halogen or alkyl groups on niobium, such as Tp*€'NbCI(CH;SiMe;)(PhCeCMe), 
Tp*¢!NbCI(Et)(PhC=CMe), Tp*'INbMe,(PhC=CMe), Tp*'NbCI,(PhC=CMe), and 
Tp*CINbCI(Bn)(PhC=CMe), were synthesized, and used as catalysts in ethylene 
polymerization.“°” Tp*C!,Fe was prepared and studied by Méssbauer зресітоѕсору 82! 
The rhodium complex Tp*C'Rh(COD) was investigated in the context of ligand x?- 
кЗ equilibria,!!4 while complexes Tp*C!Cu(PPh;) and Tp*¢'Cu[P(Tol)3] were studied 
by spectroscopy and by NMR, and the structure of Tp*CICu(PPh;) was determined by 
X-ray crystallography.!057.0058 Also reported were Tp*C'HgCN,!!? and the anion 
[Tp*CIMo(CO);],, which was used in a detailed study of the formation of 12-агоуі, 
and n'-halogenocarbyne derivatives.4 The x?-k? equilibria in the complex 
Tp*'lr(COD) were studied by NMR, and its structure was determined by X-ray 
crystallography.?7? Treatment of Tp*CRh(CO); with one equivalent PMePh; 
produced square planar Tp*C'Rh(CO)(PMePh;), which was structurally characterized 
as к?. However, when an excess of the phosphine PMePh; was used , the exclusive 
product was Tp*C'Rh(CO)(PMePh;),, 186, in which the Tp*igand was bonded 
к!, a rare mode of bonding for homoscorpionate ligands, and there was also an 
agostic B—H—Rh bond present. 1540 
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3.2.6.7 Tp*** 


This ligand was prepared inadvertenly during bromination of the coordinated metal 
coordinated to Tp*, but it was also synthesized on purpose, and the к2-к? equilibria 
in the complex Tp*P'Ir(COD) were studied by NMR.??? 


3.2.6.8 TpiPr2r 


A conventional reaction of Нрг!?'2.8' with NaBH, produced the above ligand, which 
was converted to the structurally characterized complex Tp/??P'Ru(H)(COD). In 
contrast to its analog derived from Тр!?'2, it also contained an agostic B—H—Ru 
bond, in addition to the bidentate Тр'?'2.8' ligand, thus placing Ru in a somewhat 
distorted octahedral environment,!”? similar to that found in Tp 4PrRu(H)(COD).56* 


3.2.6.9 Tp? 


Heating of 3,4,5-tribromopyrazole with КВН, produced readily the Tp®* ligand, and 
it was characterized as the TI salt. Structures of the tetrahedral, though slightly 
distorted, (Tp??]TI, and of the octahedral [ТрВ'3],Со, were determined by X-ray 
crystallography. Although (Tp9?];Co contained eighteen bromine atoms in the 
molecule, it was exceedingly stable, and the bromines therein were unreactive towards 
nucleophiles.53 


3.2.6.10 TphMen 


The "as prepared" ligand hydrotris(3,4-diphenyl-5-methylpyrazol-1-yl)borate was a 
mixture, containing some of its isomer Tp/*^-Me-P^*, The pure ligand could be 
obtained by means of recrystallization of the K salt, and it was converted to the 
tetrahedral cobalt complex [Tp"^MeP^]CoI, which was structurally characterized. 
While the homoleptic compound [Tp*^Mc.P^];Co could not be prepared, the mixed 
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octahedral complex, (TpP^MePh]Co[ Tp(Ph.Me/P*] was synthesized, and its structure 
was determined by X-ray crystallography.!?* 


3.2.6.11 TpiBo3Me 


This ligand was prepared as a single isomer from 3-methylindazole, and it 
readily formed octahedral complexes (Tp*9932Me],;M, as well as heteroleptic ones, 
such as Tp#8°3MeCoTpNP, the NMR specrum of which indicated over-all Cy, 
symmetry of the latter molecule. The structure of the rhodium complex, 
Tp*8°3MeRh(COD), showed a к? ligand, with the third arm in a non-interactive mode 
with respect to Rh.!0! 


3.2.6.12 Тра" (= 187) and Tp?*3Mo* 


This ligand, 187, the systematic name of which is hydrotris(3-methyl-2H- 
benz[g]indazol-2-yl)borate, was similar to the ligand Тр" (see structure 177, p. 135), 


187 


except for the additional 3-methyl groups. This structural change already made a 
difference in the regiospecificity observed during the synthesis of this ligand. Whereas 
Tp*' was produced as the only isomer, Tp?*2M* was obtained as a mixture of the 
symmetric and asymmetric isomers in about 4:6 ratio, although the symmetric 
isomer could be obtained pure through recrystallization. The flatness of the three-ring 
system permitted the formation of homoleptic octahedral [Tp?*?M*];Co, and 
heteroleptic [Tp?*2Me]; Co TpNP complexes, which were studied by NMR, and the 
structure of the latter was determined by X-ray crystallography. Rhodium complexes 
[Tp**3Me],Rh(CO), and [Тр Me]; Rh(COD) were also prepared. The asymmetric 
isomer, Tp*9M9*, was not investigated. !0! 
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Chapter 4 


Heteroscorpionates, RR'Bp* 


4.1 General Considerations 


This chapter covers heteroscorpionates, і.е. ligands of general structure 188 and 
189. The difference between these two, otherwise identical, structures is that in 188 
there is 
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no interaction of the pseudoaxial R group with the coordinated metal ion, while in 
189 there is such an interaction, which can range from a regular bond, through a 
long-distance bond, to an agostic interaction, to simple steric blocking of the access 
to the metal. All of this depends, of course, on the nature of R, and the depth of the 
boat in the B(J-pz?^*),M ring. If К is a pyrazolyl group different from those 
forming the В(џ-р2%%%)М ring in 189 we have a variant of a Tp* ligand. In this 
chapter we are excluding Tp** ligands, resulting from a rearrangement of the Tp* 
ligand, or formed in the course of Tp* ligand synthesis, since they were covered in 
Chapter 3. We will include in Chapter 4 ligands where R is a pyrazole unrelated to 
those forming the B(-pz®®°),M ring. It should be noted that the ligand Me,NTp 
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acted as a heteroscorpionate, [pzB(1-pz)2(U-NMe»)]M, coordinating through only two 
of the three pz groups, and the dimethylamino group, in the molybdenum complex 
{Ме,МТруМо(СО) (т2-аПу!). The third pz group was not coordinated to Mo, and did 
not exchange with the coordinated pz groups.!?? 


Considering, that heteroscorpionates possess the same options of containing 
different 3-, 4-, and 5-substituents as the Tp* ligands, but at the same time having 
two groups on boron that can be varied, as compared with only one in 
homoscorpionates, it follows that a much greater variety of scorpionate ligands 
should be accessible in the heteroscoropionate sub-area. Yet until now, most (over 
90%) research dealing with scorpionate ligands centered on homoscorpionate 
derivatives. Clearly, there are still many novel structures in this particular sub-area, 
with specific coordination abilities, to be designed, synthesized, and used. 


The known types of heteroscorpionate ligands are: 


1. Н,В(рх), ( = Bp"), including H}B(pz*)(pz*) ( = Врх“), where pz is ће 
same pyrazolyl group as pz* , but bonded through the other nitrogen atom; the latter 
ligand was usually obtained through rearrangement of H;B(pz9);. 


2. RjB(pz*); ( = R;Bp*) where R = alkyl (including ring structures), aryl, 
or halogen. 


3. R(RZ)B(pz?); ( = R(R'Z)Bp*), where R = Н, alkyl, aryl, and Z is a 
heteroatom (O, S, NR’). 


4. H)B(pz*)(pz?) where рох and pz are different pyrazolyl groups. 


The first heteroscorpionates reported included already many of the important 
ligand variants.! In 1967, the parent Bp ligand, and its complexes with Mn, Fe, Co, 
Ni, Cu and Zn were synthesized,’ followed by carbon- and boron-substituted analogs 
of Bp, including complexes (Co, Ni, Cu and Zn) of the ligands Bp* and BpM&, 
Et,Bp, Bu;Bp and Ph;Bp.!! At the same time, pyrazaboles, which are neutral 
heterocycles of structure RjB(u-pz*);BR';, and which may be regarded as [R;B]* 
complexes of the [R;B(pz*)] ligand, have also been reported along with the essentials 
of their сһетіѕігу. 110.12 The Bp;M complexes (M = Mn, Fe, Co, Ni, Cu) were 
studied by spectroscopy," and the molybdenum complexes Bp*Mo(CO);(n?- 
CH,CRCH)) and EGBpMo(CO);(*-CH;CRCH),), were synthesized.?! Both of them 
had nominally 16-electron structures. To remedy this electron deficiency, the former 
complexes formed an agostic B—H—Mo bond, as was shown by an X-ray structure 
determination of Bp*Mo(CO),(n3-ally!),?5 while the latter readily added donor ligands 
(Hpz, pyridine), and in their absence formed an agostic C—H—Mo bond through one 
of the methylene hydrogens of the pseudoaxial ethyl group, as was suggested by low- 
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frequency C—H stretches in the IR, and by a shift of the pseudoaxial methylene 
protons into the "hydridic" range.?? The presence of this agostic bonding was 
confirmed by X-ray crystallographic structure determination of Et;BpMo(CO),(n3- 
CH,CPhCH)),”4 and the dynamic processes of making and breaking such agostic 
bonds were later elucidated.* 


4.2 Specific Ligands 


4.2.1 Bp* Ligands 


A key feature of the Bp* ligands is the presence of the BH, grouping which, on the 
one hand, renders the Bp* ligands more hydrolytically labile than their Tp* 
counterparts but, on the other hand, permits elaboration of the Bp* ligand through the 
addition of various unsaturated systems to the B—H bond. This way of creating 
novel ligands has been explored only to a rather limited extent. Another theme in the 
Bp* ligand system is the formation of agostic B—H—M bonds, which has been 
found to occur with many metals. Finally, the residual reducing power of the BH; 
grouping makes (ће Вр" complexes of easily reducible cations, such as silver(I) and 
palladium(II), unstable, and can also be used in some instances for organic reductions. 


4.2.1.1 Bp 


This is the simplest of all scorpionate ligands, and it is basically bidentate, forming 
the typical boat-shaped Н;В(џ-рг),М ring, in which the pseudoaxial B—H may form 
an agostic bond to the metal in some instances. The Вр›М complexes of first row 
transition metals are usually square planar or tetrahedral, although some octahedral 
anionic [Bp3MJ] species of low stability have also been isolated. The preparation of 
the Bp ligand, and of some of its complexes has been described in detail, and it was 
noted that the Bp;Mn and Bp;Fe complexes were air-sensitive.?7^ The spectra of 
these complexes were determined,!? and some were later reassigned.'*8’ The structure 
of the free acid, BpH, was determined by X-ray crystallography. 355 


A study of solvent extraction of divalent transition metals with the Bp 
ligand showed it to be an efficient process, but Mg?*, Ca?*, Sr^*, and Ba?* were not 
extracted, and Be?* was only slightly ѕ0.!389.1290 Several Bp;M complexes were 
investigated as reducing agents for cyclohexanone and cyclohexenone.!??! Although 
the reaction of [Bp]: with divalent transition metal ions usually yielded the neutral 
Bp;M complexes (М = Cr, Mn, Fe, Co, Ni, Cu, Zn), and the tris-complexes were 
only formed with excess Bp ligand in acetonitrile,!??? it was possible to isolate the 
anionic tris complexes, [Bp3M][EUN] of Fe, Co and Ni.'393 
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The heteroleptic titanium(III) complex, BpTiCp2, was synthesized,*** as 
was BpZr(Cp)Cl;, which contained an agostic B—H—Zr bond.**! The complex 
[Bp; V]K was also reported.'3% The reaction of BpK with Nb Clio yielded the anion 
[BpNbCI;]", along with other species.9? A seven-coordinate tantalum complex 
Bp;TaMe; was synthesized from TaCl)Me, and BpK. 395.1395 


The structure of the square planar Вр›Ст was determined by means of X-ray 
crystallography.!?94 Five-coordinate anionic species [Bp;MX] (М = Cr, Mn; X = 
halides or pseudohalides) were prepared, and the square pyramidal structure of 
(Bp2MnCl][AsPhg] was established by X-ray crystallography. Oxidation of 
[Bp;CrNCS] yielded the structurally characterized dinuclear complex [(Вр;Сг)›(н- 
OEt);(NCS)9}°.!397:!398 The complexes BpMo(n?-C(O)R)(m?-CNBu')(CO)(PMe;) 
were thermally isomerized to the more thermodynamically stable 1?-iminoacyl- 
carbonyl derivatives, BpMo(n?-RN-CBu'(CO);(PMe;).1399.400 A brief review of 
the structural and reactivity aspects of molybdenum acyl complexes derived from the 
Bp and Bp* ligands was published.'?! The neopentylidyne compound 
BpMo(=CBu')(CO)(PX3) has also been reported, !*?? as were the various clusters 
[(Bp)Co;W(J5-CC;H4Me-4)(CO),], and also [(Bp)Rh;W(u3-CMe)(u-CO)(CO);)(m5- 
indenyl)], ((Bp)FeW(H-CCsHyMe-4)(CO)g, [(Bp)PtW(u-CCgH4yMe-4)(CO);(COD)] as 
well as [Bp2MW([t-CR) (СО) (M = Ni or Pt).!43 The biochemical distribution of 
а Bp derivative of "Tc with unspecified composition was used in radiochemical 
analysis.!404 


Tetranuclear iron complexes which contained a nonplanar [Fe4O;]** core, 
[Bp;Fe;O;(O;CR);] (К = Me or Ph), have been synthesized, and were studied by 
Méssbauer and Raman spectroscopy. The structure of the compound with R = Ph has 
been determined by X-ray crystallography.'4°5 Bp-based acetyl complexes of both, Fe 
and Ru, such as BpM(PMe3)2(CO)(COMe), were reported.8° Although the reaction 
of RuCl,(DMSO) with the Bp ligand caused its degradation,'#°° BpRu(PPh;); could 
be prepared and it was characterized by NMR.!407 A large number of octahedral 
complexes of the BpRu moiety were prepared. They included BpRuH(CO)(PPh;),, 
BpRuH(CS)(PPh;);, the two sigma-phenyl complexes BpRuPh(CO)(PPhi); and 
BpRuPh(CS)(PPh;);, vinylic derivatives such as BpRu(CR-CR'H)(CO)(PPh;);, as 
well as B-Ru(CECR)(CO)(PPh;);, and also BpRu[C(S)CPh-CPhH](CO)(PPh.);. 
The structure of the vinyl complex, BpRu(CH-CH;)(CO)(PPh;);, was determined by 
X-ray crystallography. 408 


A single-crystal EPR study was carried out on the structurally characterized 
tetrahedral Bp;Co. The molecule contained two different dihedral angles, of 121° and 
1149,99 The perfluoroalkyl complex BpCoCp(-C;F;) was obtained as a mixture of 
two stereoisomers, which could be separated by chromatography.9? Rhodium 
compounds BpRh(COD), and BpRh(CO); were also synthesized 93935 
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The structure of Bp;Ni was established as square planar, !4!? and the charge 
density in this complex was determined through X - Xyo multipolar analysis, as well 
as from ab initio calculations.!*!! Numerous BpPd(PMe;)(R) complexes have been 
reported, including BpPd(CH;CMe;Ph)(PMe;) and BpPd(CH;SiMe;)(PMe;),!4!? as 
were some Bp derivatives of various cyclopalladated systems,!??! including the 
bimetallic palladium complex BpPd(COFc)(PPh3).!°!? The platinum species 
BpPt(PEt;)CI has also been synthesized, !9*! and BpPtMe; was found to contain an 
agostic B—H—Pt bond.!942 


Copper(I) complexes of structure BpCuL (L = phosphines, phosphites, 
arsines, etc.) were synthesized,!?!? as was BpAg(PPh;).'4!4 The structure of the 
anionic dinuclear complex [BpCu(U-pz);(u-Cl)CuBp] was determined by X-ray 
crystallography, and its single-crystal EPR spectra were studied.!4!5 The complex 
BpCu was prepared from BpK and Cul, and it was converted to derivatives of general 
structure BpCuL (L = bipy, dppe, (py)2, (PPh3)2, and PCy3). BpCu was an effective 
catalyst for the cyclopropanation of olefins with diazoacetic ester in homogeneous 
and heterogeneous systems.!4!6 


The compounds of structure H)B(ju-pz);BR;, called "pyrazaboles" comprise 
a separate category of neutral heterocycles,! which may be regarded as Bp chelates of 
the boronium cation [BR;]*. In fact, a number of asymmetric pyrazaboles has been 


[Bp] + R;xBX —  HiB(j-pz5BR; + X (4.1) 


prepared in this fashion.'4!7 This class of compounds has its own chemistry, and it 
will be discussed in Section 4.3. 


The reported gallium complexes of Bp included Bp;GaCl, BpiGa, 
Bp;GaMe, and BpGaMe;, the latter being converted by acetic acid to BpGaMe(OAc), 
while Bp3Ga yielded the structurally characterized Bp;Ga(OAc).!4! The structure of 
Bp2GaCl was found to contain no agostic bonds,'*!? and some structural details 
thereof were corrected.'42° The indium(III) complex BpsIn was structurally 
characterized,!4?! as were BpInMeCl and BpInMe;, among a number of other related 
In!! complexes which contained the [BpIn] moiety,!4? as well as the heteroleptic 
complex BpInTp*(Cl).!! Tin(IV) complexes, Bp;SnR; were also reported.!4?2 


Both, Bp;Sn and BpSnCI have been synthesized, and the structure of the 
latter showed it to be dinuclear, with long-range halide interactions between the two 
tin ions, which were in a pyramidal environment! !!9.1120 The complex BpSnCIMe; 
was five-coordinate, and its structure was a distorted trigonal bipyramid,!!?^ while 
that of BpSn(CH;CH;COOMe);CI contained six-coordinate tin, including a bond to 
the ester carbonyl.!?58 Numerous other tin complexes of structure BpSnCIR; and 
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Bp;SnR; (R = Me, Bu, Ph) have been prepared. It has been reported that 
halogenation of the BH; portion of Bp occurs without ligand degradation, leading to 
X;BpSnPh; complexes (X = Cl, Br, 1).!422 The lead(II) heteroleptic complex 
BpPb[CpCo(P(O)OE0;],,!?? and a homoleptic one, Bp;Pb,!!?* have also been 
reported. 


Luminescence studies were carried out on Bp3Tb at different temperatures, in 
the solid phase, and in various solvents.!4* The complex Tp2SmBp was structurally 
characterized, and was found to contain an agostic B—H—Sm bond.!!? Numerous 
actinide Bp complexes have also been reported. They included a variety of uranium 
complexes, such as Вр and Bp,UCI,!!63!!65 BpUCI;(py),! 5? BpU(Cp)Cl;, 
Bp;U(Cp)CL[P(O)Ph;], and BpU(Cp)CI[P(O)Phs],!!® as well as BpU(THF), 
which contained agostic B—H—U bonds.!^?5 Other actinide complexes reported were 
the thorium compounds [BpsTh]K,!!66 and BpTh(Cp)Cl;,!!65 and the neptunium 
derivatives Bp;NpCl?, BpsNp, Bp;Np(MeCsH,); and BpjNpCp.!!? 


4.2.1.2 Bp* (= BpMe2) 


A series of first row transition metal complexes Вр*;М was synthesized, and they 
were found to resemble their Bp;M counterparts, except that the Bp*;Mn and Bp*;Fe 
complexes were no longer air-sensitive, presumably due to the screening effect of the 
3-Me groups.!! The thermochemistry of this series of complexes was studied by 
TGA and DTA,'4?6 as was the use of the Bp* ligand, among others, in the extraction 
of divalent first row transition metals, including structural characterization of the 
complexes Bp*;Co and Bp*;Ni. It was found that the distance between the M-bonded 
nitrogen atoms, called the bite size of the ligand, slightly decreased with increasing 
number of methyl groups.!?90 


The [Bp*] anion readily displaced two CO molecules from Mo(CO),, 
producing the anion (Bp*Mo(CO),], which reacted with allylic halides yielding 
Bp*Mo(CO);(?-CH;CRCH;) complexes, with R = Н, Me, Ph or Br.2!?? These, 
formally 16-electron, complexes contained agostic B—H—Mo bonds, as was shown 
for Bp*Mo(CO);(?-allyl) by X-ray crystallography.? In Bp*Mo(CO);(n^-C;H;) 
there was also a similar agostic B—H—Mo bond, as was shown by spectroscopy and 
by X-ray crystallography, despite the possibility of achieving an 18-electron 
configuration by means of 5-C;H; bonding.!4?./4?* The compound Bp*Mo(n?- 
C(O)R)(n?-CNBu')(CO)(PMe;) could be thermally isomerized to the more 
thermodynamically stable derivative, which was an 1)-iminoacyl-carbonyl complex 
Вр*Мо(т>-(КМ=СВи)(СО)(РМез). 13991400 On the other hand, when the complex 
Bp*Mo(CO);(n?-C(O)Me)(PMe;) was heated, an intramolecular hydroboration 
occurred, forming 190, the structure of which was determined by X-ray 
crystallography. A very similar reaction took place with the iminoacyl analog, 
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Bp*Mo(CO),(n2-MeC=NBu')(PMe;).!42° The Мо!“ complex, Bp*MoO(S;PR;), has 
also been reported. !430 


190 


The rhodium(I) complex, Bp*Rh(COD), was readily synthesized,9* and it 
was found to contain no agostic B—H—Rh bonds.’ Also prepared were the 
complexes Bp*M(CO), and Bp*M(CO)(PR3) for the metals Rh and 1г.'432 The 
photochemistry of Bp*Rh(CO), was investigated by ultrafast IR spectroscopy. This 
compound, unlike its Tp* analog, did not activate C—H bonds.?5* 


A variety of Bp*Pd(PMe;)(R) complexes has been reported, and the structure 
of Bp*Pd(PMe3)(CH,SiMe3) was determined by X-ray crystallography.!*!? The 
agostic B—H—Pt bond, present in the complex Bp*PtMe; was found to be easily 
broken by phosphines, and by CO, with the formation of Bp*PtMe3L species.!42 А 
short (2.06 A) agostic B—H—Ru bond was found in the structure of [Bp*Ru(H)(n?- 
Сан )),!43* and a B—H—Ta bond in the structure of Bp*TaMe;CI.45 An unusual 
tricopper (LILI) complex of the Bp* ligand has been structurally characterized, in 
which all three coppers were linked through sulfide bridges as shown in structure 
191. This complex was thought to be of some relationship to the proposed mixed 
valence dicopper electron transfer sites in the enzymes nitrous oxide reductase, or 
cytochrome с охійаѕе. 146 


191 
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Several gallium(III) and indium(III) complexes with the Bp* ligand have also been 
synthesized. They included the structurally characterized compounds Bp*GaMeCl, 
Bp*GaMe>, Bp*InMeCl, Bp*InMe; and Bp*;InMe.!*'? The heteroleptic indium 
complex Bp*InTp*(Cl), has also been reported.!!09 


Bp* complexes of U!!!, Се!!, Sm!!! and Yb™ were synthesized, and structures 
of the isomorphous compounds Bp*,U and Bp*;Sm were determined by X-ray 
crystallography. In each of these complexes the Bp* ligands were tridentate, by way 
of a B—H—M agostic bond, so that the metal ions were in a formally nine- 
coordinate environment, and the six nitrogens were arranged in a trigonal prismatic 
geometry.'438 An identical type of structure was also found in Bp*5Y.!5? The 
complex Bp*UCI; has also been reported.!!5? 


4.2.1.3 [H;B(pz)(pz^)]- 


In contrast to Врх“ ligands, where the two pyrazolyl groups are identical, even 
though bonded through different nitrogen atoms to boron, the ligand [H2B(pz)(pz*)} 
was the first purposely synthesized Bp* ligand containing two different pyrazolyl 
groups.!*? The synthesis proceeded by preparing (Hpz*)BH;, its conversion to 
(Hpz*)BHiI by treatment with iodine, followed by the reaction with another pyrazole 
to yield the boronium iodide [H;B(Hpz*)(Hpz")](I] containing two different pyrazoles 
bonded to boron. The reaction of this salt with NaH produced [H;B(pz*)(pz*)]Na.'* 
The structure of the square planar nickel complex derived from this ligand, 
(H,B(pz)(pz*)]2Ni, was determined by X-ray crystallography, and it was found to 
contain the (pz) and (pz*) rings in a trans-arrangement.'3° 


4.2.1.4 [H,B(pz*)(pz?*?)]- 

This ligand was synthesized by the method described in 4.2.1.3.!43 
4.2.1.5 [H3B(pz*)(pz*M*)]- 

This ligand was synthesized by the method described in 4.2.1.3.143 
4.2.1.6 [H;B(pz)(pz!9v2)]- 


By the use of LiBH, with a 1:1 mixture of two different pyrazoles it was possible to 
obtain this asymmetric ligand, and its structure was confirmed by X-ray 
crystallography of two complexes: [H;B(pz)(pz?"2)]TI, which contained an agostic 
B—H—TI bond, and (ће zinc complex [H;B(pz)(pz?"?)]ZnI(Hpz8*iP'), prepared by 
the addition of Hpz!P"*r to [H;B(pz)(pz'?*?)]ZnI.'*^ This method was much more 
convenient for the preparation of Bp* ligands containing two different pyrazolyl 
groups, than that described in 4.2.1.3. 
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4.2.1.7 [H;B(pz*)(pz'P:2)]- 


This ligand, which was prepared by the method of 4.2.1.6, formed the zinc complex 
[H3B(pz*)(pz'v2)]ZnI, which readily added Hpz'P'"/Pr to produce the adduct 
[H3B(pz*)(pz'P»?)]ZnI(Hpz'B"/Pr), the structure of which was established by X-ray 
crystallography.!^* 


4.2.1.8 [H;B(pz'riP)(pzbu2)]- 


Again, the method of 4.2.1.6 was used to prepare this ligand, which was structurally 
characterized as the zinc complex [H;B(pz''P)(pz'Bv2)]ZnI. The zinc ion was in a 
tetrahedral environment, due to the presence of an agostic B—H—Zn bond.!^* 


4.2.1.9 BpMe 


This ligand was synthesized,!?? converted to a variety of first row transition metal 
complexes, and its enthalpy of chelation with divalent metals was determined.!49° 
The tin(II) complexes Bp™®,Sn and BpM*SnCI have also been synthesized, and were 
characterized by NMR.!!20 


4.2.1.10 Bpi?r 


Complexes Bp!/P5M of the first row divalent metals Co, Ni, Cu and Zn were 
synthesized from the "as prepared" solution of Вр'?'К, and were characterized by 
analysis and spectroscopy. 


4.2.1.11 Bp! 


The first reported compound of this ligand was the thallium salt, Bp'P"TI.? Several 
three-coordinate monoalkyl zinc derivatives Bp'P"ZnR (R = Me, Et, Ви) were 
prepared, of which Bp!'B"ZnBu' was structurally characterized. They reacted with 
HOAc yielding Bp'®¥Zn(x2-OAc), and with water they formed the structurally 
characterized cyclic trimer [Bp'"Zn(u-OH)];. The B—H part of the ligand reacted 
with formaldehyde, acetaldehyde or acetone, yielding complexes of new ligands, 
[(R'O)Bp'®"]ZnR, where R' was Me, Et and Pri, respectively.'44!988 A number of 
nickel complexes Bp'P"Ni(Ar)(PMe), (Ar = Ph, Tol, An, Ph-p-NMe;), containing а 
very rare example of a monodentate Bp'®" ligand, has been reported.!95 A structure 
similar to 191 was obtained by using the dimer [Bp'P"Cu]; instead of [Bp*Cu], in 
the same reaction.!?6 Treatment of Bp'®"K with either AIMe; or with Me;AICI 
produced Вр'В"АІМез, which on heating rearranged to Bp'?"* AIMe; ( i.e. [Н,В(3- 
Bu'pz)(5-Bu'pz)JAIMe;.!!04 The rather unusual dinuclear complex, assigned structure 
192, has also been reported. 994 
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192 


4.2.1.12 Вртер 


This ligand, containing a very bulky tripticyl group, has been structurally 
characterized as the thallium(I) salt, Bp™ TI, which contained an agostic B—H-—TI 
bond. No other chemistry of this ligand has been reported.” 


4.2.1.13 Вр?" 


This ligand was isolated as the thallium(I) salt, and it was converted to several 
Bp'^;M complexes (M = Co, Ni, Zn), as well as to the molybdenum derivatives 
Bp'^Mo(CO);(n*-CH;CRCH;) (R = Н, Ме)? 


4.2.1.14 Bp": 


The TI salt of the Вр? ligand (Ес = ferrocenyl) has been prepared and characterized, 
but no coordination chemistry thereof has been reported.!?? 


4.2.1.18 ppt 


The Bp® ligand, somewhat more hindered than Bp*, was converted to [BpE?];Co 
and [Bp*?];Ni, as well as to [BpF?Mo(CO),]: which yielded, upon treatment with 
allylic halides, BpF2Mo(CO);(n?-CH;CRCH;) complexes (R = Н, Me, Ph), which 
were characterized by NMR.2 


4.2.1.16 Bp(CF? 


This ligand was synthesized, !!6: 17 and the structures its Cu and Zn complexes and 
of the К salt were determined by X-ray crystallography. [Bp(C 3?];Cu had a square 
planar structure, while that of zinc was tetrahedral, and quite similar to that of 
Тр*›2п, the structure of which was also determined.'* In the dimeric complex 
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{{BpCF3?]Cu(CNBu') }; the pseudoxial B—H of each ligand was coordinated to the 
Cu ion of its partner molecule.!??" The ruthenium coordination chemistry of this 
ligand was exemplified by the structurally characterized [Bp€F32]RuH(COD), which 
contained an agostic B—H—Ru bond. This molecule was converted to 
[Bp‘F3!2]RuH(PR;)2, to the benzene complex [Bp€ 3?]RuH(C&H,), in which there 
was no agostic B—H—Ru bond, and to [Bp‘CF3!2]RuH(H2)(PCy,) in which the 
[Bp'€*3?] ligand coordinated іп the rare, monodentate, mode .!^! 


4.2.1.17 Bp? 


The synthesis of this ligand was reported, and it was converted to the molybdenum 
complex Bp?*?Mo(CO),(n}3-allyl).22 


4.2.1.18 Bptbuirc 


The organozinc complex of this ligand, (Bp'P"PrIZnMe, was converted by treatment 
with paraformaldehyde to ((MeO)Bp'P'Pr]ZnMe, which involved insertion of CHO 
into the pseudoaxial B—H bond.!^ In an analogous reaction, Ph;C-S was inserted 
into [Bp'P«/Pr]ZnI to yield ((Ph?CHS)Bp]ZnI, modelling the binding of histidine and 
cysteine residues at the active sites of several enzymes.!^? Surprisingly, the cobalt 
complex of this ligand, [Bp'P"iPr];Co, turned out to be square planar, and containing 
very short (1.95 À) agostic B—H—Co bonds being, when counting the agostic 
bonds, octahedral, 142 


4.2.1.19 Bphr 


Although tribromopyrazole is a moderately strong acid, and its anion could act as a 
good leaving group, the Bp??? ligand was stable, and produced complexes typical of 
other Вр" ligands. Thus, it readily formed BpP?;M complexes with first row 
transition metals, and the structure of its BpP?Mo(CO);(m?-CH;CMeCH);) complex, 
which was determined by X-ray crystallography,9? resembled closely that of the Bp* 
analog.?? 


4.2.1.20 Bp” 


A potentially tetradentate ligand (just as ТрРУ is potentially hexadentate), Bp? has 
formed a variety of lanthanide complexes with the general structure [Bp?¥,LnX]"* (X 
= H50, DMF or NO3). In the complexes [Bp;Eu(DMF)]*, [BpP';Tb(NO)], and 
[Bp"';Tb(H2O)][Bp^/] there were two tetradentate Вр?» ligands, plus an ancillary 
ligand completing the coordination sphere. All the above complexes were studied by 
chemiluminescence.'*7 Also prepared were the structurally characterized compounds 
ВрРУТ1 and Bp?’2Pb. The BpP?TI structure revealed molecular stacking, with two 
long bonds from the pyridyl nitrogen atoms to ТІ, while in Bp?¥,Pb all eight 
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nitrogen atoms were directed at the metal ion, with variable degrees of 
interaction.!444 


4.2.1.21 Вр(2,0мезр] 


The Bp!?-OMe)2PhI ligand was, just like Тр?У, also potentially tetradentate, except that 
unlike Вр?У, it would involve N,N,O,O rather than N,N,N,N ligation, and the second 
chelating ring would be six- rather than five-membered. The Вр(2.0М°?" ligand was 
found to coordinate in N,N,O tridentate fashion, as was determined in the structure of 
the octahedral nickel complex, [Bp!24(OMe)2Phl],Ni.83 


4.2.1.22 Bp?» [Віру = 6'-(2,2'-bipyridyl] 


This potentially hexadentate ligand, BpP/?*, 193, has been synthesized, and the 
structure of its K salt was determined by X-ray crystallography. It contained a 
dinuclear double-helical complex [Bp®'?¥K]> with hexa-coordinate potassium 
ions.!^^5 Other complexes of this ligand included those of Mn", Cu!!, Zn", TI!, Са, 
Ce!!! and Er!!!, The first row ions produced cationic complexes of composition 
[BpP?';M];[BF,], which were dinuclear. The structure of the complex 
[BpPCu];[BF,], revealed a double helical ligand array, which also included stacking 


193 


between ligands , while Bp9'*Gd(NO), showed a hexadentate Врв? ligand with two 
K? nitrate ions. In ВрВ'РУТІ the metal was three-coordinate.!446 
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4.2.1.23 Bp*®° , Bp4Bo5NO? and BpiBesNO; 


The synthesis of the above ligands: Bp*8°,!4! Вр4Во.5МО; 142 and Вр3Во.5МН; 1382 ag 
well as of some of their metal complexes has been reported, but none of these 
compounds have been structurally characterized. 


4.2.2 R3Bp* Ligands 


Ligands of structure R;/Bp*, where R substituents are alkyl or aryl groups differ from 
the Bp* ligands in having no reducing power of the BH; grouping, and therefore can 
be readily used with reduction-prone metal ions, such as silver(I) or palladium(II). In 
contrast to the relatively easy formation of agostic B—H—M bonds with Bp* 
ligands, the formation of agostic B—C—H—M bonds does not occur very 
frequently, and these bonds are easily broken by donor ligands. At the same time, the 
R groups may shield effectively the coordinated metal from other ligands as, for 
instance, in the case of Et;Bp;Ni. On the other hand, no agostic interaction has ever 
been found with the Ph;Bp ligand. The reason for this is the mutually orthogonal 
disposition of the two phenyl groups, with the psudoaxial one being distant from the 
coordinated metal. There are only two reports of R;Bp* ligands, where R is a 
halogen. 


4.2.2.1 Me;Bp 


The simplest R2Bp ligand, Me;Bp, was converted to [Me;Bp];M complexes for M = 
Ni, Cu and Zn, which were studied by spectroscopy and by NMR.'5 From the 
dynamic NMR spectrum of the square planar [Me;Bp]?Ni complex the E, for the boat 
inversion was found to be 67 + 7 kcal.'447 The Me,Bp ligand was also converted to 
the structurally characterized [Me;Bp]GaMe; complex.!44* 


4.2.2.2 Et,Bp 


The synthesis of the [Et)Bp] ligand from BEt,, [pz]: and Hpz, and its conversion of 
[Et;Bp];M complexes (M = Co, Ni, Cu, Zn) was reported in 1967. The presence of 
the pseudoaxial ethyl groups in [Et;/Bp];Ni prevented the addition of donor ligands 
(NH3, py) through steric blocking of the space above and below the plane of the 
molecule, and the proximity of the one methylene group per ligand was expressed by 
a considerable shift of the CH; protons in the NMR spectrum,!! even though there 
was no agostic B—C—H—Ni Бопаіпр.! The [Et;/Bp];Cr complex had a similar 
structure and was remarkably air-stable.'45° In tetrahedral complexes, however, the B- 
ethyl groups did not prevent the [Et;Bp];Mn and [Et;Bp];Fe complexes from being 
just as air-sensitive as their simple Bp analogs.!! 
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The [Et;BpMo(CO),J anion, prepared from Мо(СО), and [EGBp]', was 
readily converted to E;BpMo(CO);(m?-CH;CRCH;) (R = H, Ph) complexes, as well 
as to related species EGBpMo(CO);(n?-cyclohexenyl), and EGoBpW(CO);(?- 
CH,CHCH),)(Hpz).?2 The nominally 16-electron complexes E;BpMo(CO);(?- 
CH;CRCH)) readily added donor ligands (Hpz, pyridine), and in their absence formed 
an agostic C—H—Mo bond through one the methylene hydrogens of the pseudoaxial 
ethyl group, as was suggested by low-frequency C—H stretches in the IR, and by a 
shift of the pseudoaxial methylene protons into the "hydridic" range. These 
spectroscopic features disappeared upon the addition of donor ligands.?? The presence 
of this agostic bonding was confirmed by X-ray crystallographic structure 
determination of EG;BpMo(CO);(m-CH;CPhCH,;),?* and of its (1?-allyl) analog, 
194.145! The Hpz adduct of the latter complex, Eo;BpMo(CO);(-allyl)(Hpz), 195, 
was structurally characterized as devoid of the agostic bond, and with the B(u-pz);Mo 


194 
(-NzN- represents Н-р2) 


ring in a very unusual chair conformation.'45? The various dynamic processes of 
making and breaking such agostic bonds were studied, and the pertinent energy 
barriers were calculated.?! In the structurally characterized complex 
Et;BpMo(CO);(n?-C;H;), agostic C—H—Mo bonding was found to override а 
possible pentahapto-C;H; structure, as a means of achieving the 18-electron 
configuration. !^53 The reaction of [EGBp]: with Mo;(OAc), readily yielded the 
expected [EGBp];Mo;(OAc); complex, but, in addition, also the totally unexpected 
[Et;/Bp];Mo;[E;B(pz)(OH)]», containing the ligand Et,B(pz)(OH), which must ауе 
arisen through partial hydrolysis of [Et;yBp]- 494 


Rhodium(I) derivatives, EGBpRh(CO); and E;BpRh(CNR);, were 
synthesized and converted to rhodium(III) species by oxidative addition of I}, Mel or 
НЕСІ. Complexes [Et;/Bp];Pd and Et; BpPd(n?-allyl) were also reported.!456 
Stable Et;/BpPtMe(L) complexes (L = PR}, CNR, PhC=CPh, PhC=CMe) were 
prepared, but with negatively substituted acetylenes, such as F;CC=CCF; or 
ROOCCSCCOOR, insertion into the Pt-Me bond took place.!557.458 The structure 
of Et)BpPtMe(PhC=CMe) showed cis-bending away of the acetylenic substituents 
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from Pt by 18 to 21°.'459 The thermally sensitive tin complexes [EtBp],SnR,(R = 
Me, Et, Bu) were synthesized and studied by NMR.!!? Aluminum and gallium 
derivatives, [EGBp]AIEt; and (Et;/Bp]GaEt, have also been reported.!!06 


An interesting assortment of cationic complexes, [Et;/B(J-pz*);CR;]*, has 
been prepared, and isolated as [РЕ] or [Bj2H,5]^ salts. The bridging pyrazoles 
included pz and pz*, while the R groups were H, Me, pz, tetramethylene, (H,Me), 
and (H,pz). They can be regarded as arising from the reaction of [EoBp] with R;CX;, 
resulting in the replacement of two X- anions, which would make them Et;/Bp 
complexes of a carbon moiety. In actuality, their mode of preparation involved the 
reverse reaction, namely that of a geminal polypyrazolylmethane with Et;/BX, where 
X was CF,COO or OTs.!57 


R;C(pz); + EGBX -ә  [EtB(p-pz»);CR;]* + X (4.2) 


4.2.2.3 EtBpc 


This ligand has been prepared as the K salt, and it was converted to the complex 
[Et; Bp**]Pd(n?-allyl).!3* 


4.2.2.4 Pr,Bp 


Reacting Me,NBPr, with pyrazole plus Kpz produced the Рг,Вр ligand, which was 
isolated as the К salt.!45° 


4.2.2.5 Bu;Bp 


Although there is a close similarity between the [Bu;Bp]' and [EoBp] ligands, 
including the shift of the pseudoaxial methylene protons in the NMR of the 
[Bu;Bp];Ni complex, ! not much has been done with this ligand, because of its high 
lipophilicity, and difficulty of obtaining crystalline complexes. Nevertheless, the 
palladium(II) and platinum(II) complexes [Bu;Bp]MCI(PEt;) have been synthesized 
and characterized by NMR.10!3 


4.2.2.6 (BBN)Bp 


A special case of an R;Bp ligand was (BBN)Bp, 196, prepared easily from 1,5- 
borabicyclononane, [pz] and Hpz, in which the R3 portion of the ligand formed a 
rigid cage structure.!?? Because of this, only one tertiary hydrogen was directed at the 
coordinated metal ion, and it was shown by X-ray crystallography that the complex 
[(BBN)Bp],Co contained two agostic C—H—Co bonds.!49? This molecule has been 
studied in detail by spectroscopy. !^5! Other homoleptic and heteroleptic complexes 


170 HETEROSCORPIONATES 


196 


containing the (BBN)Bp ligand have also been synthesized. They included 
(BBN)BpTI, ((BBN)Bp];M (M = Ni, Zn), ((BBN)Bp]Pd(m?-CH;CRCH;) (R = Н, 
Me), and [((BBN)Bp]M(CO);(n"-CH;CRCH;) (М = Мо, W; R = Н, Me, Ph). While 
in homoleptic complexes it was possible for the agostic interaction to occur, in 
sterically hindered heteroleptic ones this did not happen because of the bulk of the 
(BBN)Bp ligand, as was demonstrated in the case of (BBN)BpCoTp!Pr4Pr, In that 
complex, the cobalt ion was only five-coordinate, the tertiary apical C—H being 
pushed away by the three 3-isopropyl groups of the Tp'?"48" ligand.!?? The 
rhodium(I) complex (BBN)BpRh(CO);, and its COD and NBD analogs have also 
been synthesized, and characterized by multidimensional NMR spectroscopy. The 
structure of (BBN)BpRh(COD) indicated the presence of a weak agostic C—H—Rh 
bond, which may have been responsible for the lack of inversion of the B(u-pz);Rh 
ring.” The free acid (BBN)Bp has also been reported. !463 


4.2.2.7 (BBN)BpM* 


This analog of (BBN)Bp has been synthesized, and converted to the complexes 
((BBN)Bp"*]Rh(CO);, ((BBN)Bp™*]Rh(COD) and [((BBN)BpM*]Rh(NBD), which were 
studied by multidimensional NMR spectroscopy. !?* The free acid ((BBN)BpM*]H has 
also been reported.'453 The reaction of K(BBN)Bp™® with Fe(CO),Me(I)(PMe;)> 
resulted in partial degradation of the ligand, yielding the compound 197 
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4.2.2.8 (BBN)Bp"^ 


This ligand is only known as the free acid, ((BBN)Bp"^]H.!463 


4.2.2.9 (BBN)Bp* 


This ligand is only known as the free acid, ((BBN)Bp*]H.!46 


4.2.2.10 (BBN)BpPhMe 


This ligand is only known as the free acid, ((BBN)BpP^Me]JH. 1463 


4.2.2.11 (BBN)BpFc 


А more complicated analog of (BBN)Bp, the (BBN)BpF ligand, was prepared as ће К 
salt, and it was converted to (BBN) Bp**}Pd(n?-allyl).!93 


4.2.2.12 Ph;Bp 


Unlike the aliphatic [R;Bp]: ligands, the aromatic [Ph;Bp]', which was available 
either from NaBPh, and Hpz, or from H;NBPh3, [pz]; and Hpz, was very stable 
itself, and formed numerous highly crystalline derivatives.!! A major distinguishing 
feature of this ligand was, that none of its complexes have ever shown an agostic 
C—H-—M interaction. The reason for this is the relationship of the two phenyl 
groups, in which the pseudoequatorial one is bisecting the angle between the 
pyrazolyl planes in the B(I-pz);M ring, while the pseudoaxial phenyl group is 
orthogonal to it. This has been found in simple complexes such as [Ph;Bp];Ni,!464 
and complicated ones, such as the 16-electron species Ph;B(pz);Mo(CO)(n?- 
CH,CMeCH)).”© The 16-electron complex Ph;BpMo(CO);(n?-C;H;), and its Hpz 
adduct Ph;BpMo(CO);(n?-C;H;)(Hpz) were prepared, and the structure of the latter 
complex was established by X-ray crystallography.!2!3 


Rhodium(I) complexes, such as [Ph;Bp]Rh(LL) (LL = COD, NBD, (CO);) 
were studied by NMR, and compared to their (BBN)Bp analogs. Unlike the latter, 
they did display inversion of the B(u-pz);Rh ring.U5 A heteroleptic complex 
containing both, carbollide and scorpionate ligands, the anion [closo-3(Ph;Bp)-3,1,2- 
NiC3BsH,,]: was prepared, and oxidized by FeCl; to the neutral species [closo- 
3(Ph;Bp)-3.1,2-NiC;BsH;;].??! Stable [Мер] complexes of general structure 
[Ph;Bp]PtMe(L), where L was PR3, RNC, or a variety of acetylenes, were 
synthesized, 45 as were the copper(I) species [Ph;Bp]Cu(L), (L = various phosphines 
and arsines).!4!^ It was noted, that while [Ph;Bp]Ag was a stable molecule, the 
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corresponding Bp analog rapidly reduced the silver(I) іоп.!9 Also reported were 
tin(IV) complexes, [Ph;Bp]SnCI(R;) (R = Bu, Ph), [Ph;Bp]SnR;, and 
[Ph;Bp];SnR;(R = Bu, Ph),!422 and tin(II) compounds Ph;BpSnCl and 
[Ph;Bp];Sn.!'?? [Ph;Bp]5SiCl;, the only example of a structurally characterized 
silicon scorpionate complex, was prepared from Ph;BpK and SiCl,, and its structure 
was determined by X-ray crystallography.'46° An actinide derivative of the [Ph;Bp] 
ligand, [Ph;Bp];UCL, has also been reported.!!63 


4.2.2.13 Ph,Bp?™ 
This ligand, having the cis- structure, 198, was synthesized, and characterized as the 


ТІ salt. It was converted to [Ph;BpP"]Cul, which was used in a study of the 
cyclopropanation of styrene with ethyl diazoacetate.!257 


198 
4.2.2.14 F;Bp* 


Only a single report exists about the preparation of the F,Bp* ligand, and its 
conversion to the square planar [F,Bp*]Ni and tetrahedral [F;Bp*];Co complexes.!! 


4.2.2.15 Х,Вр (X = Cl, Br, I) 


Although the ligands themselves have not been prepared, it has been reported that 
halogenation with chlorine, bromine or iodine, respectively, converted the BH; 


43 LIGANDS R(R'Z)Bp* 173 


moiety in Bp;SnR; complexes to BX;, thus yielding [X;Bp];SnR; species, which 
were characterized by analysis, and by spectroscopy.!4?? 


4.2.2.16 Ph(Me)BpM* 


This is the only heteroscorpionate ligand containing one alkyl and one aryl group 
bonded to boron. It was synthesized by first converting MeB(OPr'); to 
Ph(Me)B(OPr'), which was followed by its reaction with [pzM*]: + HpzM* 
Rhodium(I) complexes, [Ph(Me)BpM*]Rh(LL) (LL = (CO);, NBD and COD) were 
prepared, and it was shown by NMR studies that the COD and NBD complexes exist 
in solution in single isomeric forms, having the phenyl group in the pseudoaxial 
position"? 


4.2.2.17 Ligands of Structure 199 


Although no complexes have been prepared from the ligand having structure 199 in 
its "free acid" form, which was obtained by the exothermal addition of pyrazole to 
1,3-dimethyl-1,3-diaza-2-boracyclopentane, such complexes should be accessible 
either via deprotonation of 199, followed by the reaction with a metal cation, or 
even via a direct reaction of this free acid with an appropriate metal salt.!467 


199 
4.3 Ligands R(R'Z)Bp* 
4.3.1 General Considerations 


In this section will be covered Bp* ligands which are definitely tridentate, due to the 
presence of a heteroatom Z which can, and does, coordinate to the metal, in addition 
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anion [R(R'Z)Bp*], and were then used for coordination purposes, others were 
prepared within an existing complex, at times by accident. The [R(R'Z)Bp*] ligands 
will also include those where R'Z is a pyrazolyl group, provided it is different from 
pz*, and is not its regioisomer. It will not include Tp*' ligands, arising from a 
rearrangement of a Tp* ligand, as those were dealt with in Chapter 3. 


4.3.2 Specific Ligands 
4.3.2.1 (p-TolS)Bp* 


The first ligand of this category was prepared from KBp* and p-TolSH, and it was 
converted to several copper(II) and cobalt(II) complexes of structure (p- 
TolS)Bp*Cu(L), 200, where L was O-ethylcysteinato, p-nitrophenylthiolato, and 
pentafluorophenylthiolato. Their spectroscopic properties were compared with those 
of the N5S, active site in poplar plastocyanin. "° 


OO 


200 201 
4.3.2.2 (MeBnS)Bp* (MeBn - p-methylbenzyl) 


This ligand was not prepared as such, but was obtained when the complex [W(=C-p- 
Tol)Br(CO), was treated sequentially with sulfur, and then with KBp*. The resulting 
product was assigned the structure ((MeBnS)Bp*]W(CO);(S;C-p-Tol).!4 


4.3.2.3 (Ph;CHO)Bp'!BviPr 


This particular ligand was obtained by the insertion of benzophenone into the 
pseudoaxial B—H bond of the zinc complex [Bp'P";Pr]ZnI to yield the fully 
characterized compound [(Ph;CHO)Bp!P"iPr]ZnI, 201.144? 
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4.3.2.4 (Ph, CHS)Bp‘®4i?r 


An in situ synthesis of this ligand involved insertion of Ph;C-S into the 
pseudoaxial B—H bond in [Bp'E"/"r]Zn] to yield [((Ph;CHS)Bp]Znl, and this complex 
modelled the binding of histidine and cysteine residues at the active sites of several 
enzymes, 1442 


4.3.2.5 (i-PrO)Bp* 


A molybdenum complex of this ligand, (Рг'О)Вр*Мо(СО),№О, was obtained during 
one particular synthesis of Tp*Mo(CO),NO, and its genesis remains obscure. 
Nonetheless, its structure was confirmed by X-ray crystallography, 465 


4.3.2.6 (MeO)Bp'*" 


The three-coordinate alkylzinc derivative Bp'®"ZnEt was found to react readily with 
paraformaldehyde, yielding the tetrahedral zinc complex (MeO)Bp'P"ZnEt, arising 
from insertion of the carbonyl group into the pseudoaxial B—H bond.!088 


4.3.2.7 (EtO)Bp'®" 


This ligand was formed in situ during the reaction of acetaldehyde with Bp'P"ZnEt 
yielding the tetrahedrally coordinated zinc complex (EtO)Bp'P"ZnEt, containing a 
bridging (1-OEt) group, 1088 


4.3.2.8 (РгіО)Вр'Вч 


Treatment of Bp'PvZnEt with acetone produced the complex (Pr'O)Bp'8" ZnEt, 
containing an isopropoxy bridge between boron and zinc, another example of in situ 
ligand formation, !88 


4.3.2.9 (MeO)Bp'BuiPr 


The reaction of Bp'®»iPrZnMe with formaldehyde resulted in a net insertion of CHO 
into the pseudoaxial B—H bond, and formation of the structurally characterized 
tetrahedral zinc complex [(MeO)Bp®""""]ZnMe, containing a coordinated B—OMe 
group.!45 


4.3.2.10 (HCOO)BptbuiPr 


Another conversion of Bp!B*iPr to a N,N,O ligand was achieved by the reaction of 
CO; with [Вр'8°^?']2пСі. This resulted in insertion of CO, into the B—H bond, and 
the structure of the resulting complex, 202, was confirmed by X-ray 
crystallography.!469 
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202 


4.3.2.11 CpBp* 


Thermolysis of Tp*;SmCp resulted in the loss of Hpz*, and formation of the 
structurally characterized species [CpBp*]SmTp*, in which the Cp was с-Бопдей to 
the pseudoaxial position on boron. at the same time retaining the n5-bonding to Sm. 
The unusual CpBp* ligand, capable of being dinegative, and occupying a total of 
seven coordination sites, was not independently isolated.!470 


4.3.2.12 (pz4N) Bp 


Again, the ligand was not prepared directly, but it was obtained by heating the nickel 
complex Bp)Ni with Hpz*€", which led to the formation of the octahedral species 
[(pz*©%)Bp],Ni which is, in effect, a Tp;Ni complex containing, in addition, two 4- 
cyano groups, presumably trans to each other. These cyano groups were not 
hydrolyzed by hydrochloric acid, but were hydrolyzed by alkali, and the resulting 
dicarboxylic acid was shown to be capable of various standard organic transformations 
without destruction of the Tp;Ni core.5283 


4.3.2.13 (pz*)Bp 
This ligand was prepared by heating BpK with Hpz*, and it was converted directly to 


the Ее! complex [(pz*)Bp];Fe which was studied by optical spectroscopy and 
magnetic susceptibility measurments.925 


4.3.2.14 (pz)Bp* 


This ligand was prepared by heating Bp*K with Hpz, and it was converted directly to 
the Ее! complex [(pz)Bp*];Fe which was studied by optical spectroscopy and 
magnetic susceptibility measurments.825 
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203 


4.3.2.15 [3-(CMe; OH)-5-iPrpz]Bp!?*? 


This unusual heteroscorpionate ligand was prepared from the manganese complex 
[Tp??Mn];(u-OH); via a two-stage oxidation which led to oxygenation of one 
tertiary isopropyl position per ligand, and it was isolated as the structurally 
characterized zinc complex ([3-(CMe;OH)-5-iPrpz]Bp"?) Zn(OAc), 203.120 


4.3.2.16 (RO)Bp* (R = Me, Et) 


Although these ligands were not prepared directly, their rhenium tetrahydride 
complexes of structure (RO)Bp*ReH,(PPh;) have been obtained in rather low yields 
by the reaction of ReOCI,(PPh3)> in the appropriate alcohol with a large excess of 
NaBp*, and the structure of the complex with R = Et was established by X-ray 
crystallography.!565 


4.3.2.17 (КО),Вр (Е = Me, Et) 


When the above reaction of ReOCI;(PPh;); was carried out with excess NaBp, 
instead of NaBp*, the reaction took a different course, as both boron-bonded 
hydrogens were replaced by alkoxy groups, and the products were rhenium dihydrides, 
(RO),BpReH2(PPh3)2, of which the one with R = Me was structurally 
characterized.!565 
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4.4 Pyrazaboles (= R2B(u-pzX)2BR'2) 


The pyrazaboles are a special class of boron-nitrogen heterocycles, and their 
relationship to scorpionate ligands rests on several considerations. They are co- 
products of scorpionate ligand synthesis through the reaction of RBX; with Hpz*, 
when both, the scorpionate free acid, RB(pz*);H, and the pyrazabole, R(pz*)B(u- 
pz*))BR(pz*), are formed. They are also the thermal decomposition products of the 
scorpionate free acids, [H,B(pz*)s.,JH, along with the pyrazole Hpz*. Furthermore, 
they may be regarded as boronium scorpionate complexes, [R;Bp][ BR';], and indeed, 
they are accessible by the synthetic route: 


[RjBp] + RyBX >  RjBQrpz)BRy; + X (43) 


Lastly, some of the pyrazaboles containing two exocyclic boron-bonded 
pyrazolyl groups as, for instance, Et,B({1-pz)2B(pz)2, are also good chelating agents 
through these exocyclic pyrazolyl groups. They coordinate readily to metal ions, but 
differ from Bp ligands in being neutral, rather than anionic. For this reason they give 
rise to cationic metal complexes. 


The two main types of pyrazabole structures, and their numbering system 
are shown below : 


N—N 
Ry, M un N—N 
ec f de^ Pus of Ме" 
we N п эң ич 
N—N R 
Os О 
6 
204 205 


The main distinction between the structures 204 апа 205 is that the symmetrical 
204 is obtained through dimerization of the 1,3-dipole, R;B(pz), which is an 
energetically favored process, according to CNDO and ab initio/IGLO/NMR 
studies. '47!-1472 Pyrazaboles of type 205, which have different 4- and 8-substituents 
are synthesized from two different boron precursors: [R,Bp*} and R';BX, as shown 
in Eq. (4.3). 
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4.4.1 Symmetrical pyrazaboles 


The parent unsubstituted pyrazabole, 204 R = H, was prepared most readily by the 
reaction of the Me4NBH; complex with pyrazole, as shown in Eq. (4.4) 


2Me;NBH, + 2 Hpz — H,B(p-pz)BH, + 2 ММе Î +2 Н, T (4.4) 


Borane complexes with pyridine or THF could also be used instead of Me;NBH, 
This reaction also produced C-substituted pyrazaboles, when C-substituted pyrazoles 
were substituted for Hpz. For instance, the reaction of 4-X-substituted pyrazoles 
yielded 2,6-disubstituted pyrazaboles (X = Cl, Br, Me, CN, NO», CF(CF4);). From 
Hpz®? (R = Me, Ph, CF;) the 1,3,5,7-tetrasubstituted pyrazaboles were obtained, and 
from Hpz*? (R = Me, Br) the appropriate 1,2,3,5,6,7-hexasubstituted pyrazaboles. In 
the case of Hpz(C 3? it was necessary to use the (THF)BH; complex in order to 
synthesize the pyrazabole, since the reaction with Me,;NBH, produced the compound 
Me3NBHo[pz€F3?] which was so stable that it could be distilled unchanged, and 
could not be converted to the pyrazabole.'!? When a 3-monosubstituted pyrazole, 
such as 3-methylpyrazole was used, a mixture of 1,5- and 1,7-dimethyl isomers was 
obtained." 


Similarly, heating pyrazoles with trialkyl or triarylboranes generated the 
4,4,8,8-tetraalkylpyrazaboles, or their tetraaryl analogs. 


2Hpz* + 2BR, —  RjB(t-pz);BR, + 2RH f (4.5) 


The 4,4,8,8-tetraethylpyrazaboles included those with 2,6-substituents (СІ, Br, CN, 
NO>, and CF(CF4);) as well as the 1,3,5,7-tetramethyl, and the 1,2,3,5,6,7- 
hexasubstituted (Br, Me) derivatives.!:!° 1,5-Diferrocenyl pyrazabole and its 4,4,8,8- 
tetraethyl analog were also reported.!?? The formation of 4,4,8,8-tetraethylpyrazabole 
from ВЕ! and Hpz was catalyzed by pivalic acid, or by Bu'COOBEt;.!4^? Heating of 
pyrazole with a various B(SR); compounds gave rise to the appropriate 4,4,8,8- 
tetrakis(alkylmercapto)pyrazaboles, and the same could be done with the BH) group 
in 4,4-dialkylpyrazaboles, forming 4,4-dialkyl-8-8-bis(alkylmercapto)pyrazaboles. "474 
The replacement of boron-bonded SR groups with F by means of boron trifluoride, 
and of boron-bonded СІ with Grignard reagents or with alcohols, has also been 
reported. 475 


The boron-bonded hydrogens in pyrazaboles were readily replaced with 
halogens (Cl, Br, I) to yield the 4,4,8,8-tetrahalo derivatives,'? although partial 
halogenation could also be achieved.'47° Boron trihalides could also be used for this 
purpose. 77 Boron-fluorinated pyrazaboles were prepared by the reaction of 4,8- 
unsubstituted pyrazaboles with Et;/OBF;, or with MeOHBF;, which yielded the 
separable 4,4-difluorinated and 4,4,8,8-tetrafluorinated derivatives. The ВСІ, moiety 
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in pyrazaboles could be converted to B(OAc);, B(O,CCF3), or B(OMe)». Thus, 
combining the direct synthesis of pyrazaboles with halogenation, and subsequent 
other transformations, a very large variety of substituted pyrazaboles was 
prepared.'478 Some active hydrogen compounds, such as pyrocatechol or pyrazole, 
reacted with elimination of hydrogen and formation of the 4,4,8,8-tetrasubstituted 
derivatives 206 and 207. When only two equivalents of pyrazole were used, the 4,8- 


206 207 


dipyrazolylpyrazabole was obtained as a mixture of cis and trans isomers. The 
reaction of RBX, compounds with pyrazole produced the scorpionate free acid, 
RB(pz)3H, and the pyrazabole, R(pz)B(u-pz);BR(pz).? The reaction of pyrazabole 
with diverse other pyrazoles was also studied.'479 Several pyrazaboles containing an 


Q 


=н 


\ 
в—в—2—в—н 


additional bridge, Z, between the boron atoms, with a general structure 208 were 
synthesized. The 4—8 bridge, Z, could be monoatomic, diatomic or triatomic. A 
monoatomic bridge example was the structurally characterized complex with Z = 
Ѕе.1480 Diatomic bridges were exemplified by the structurally characterized complexes 
208 with Z = —S—S—,'48! and —Se—Se—.'489 The reaction of pyrazole with 
tri-B-organylboroxins produced pyrazaboles 208, with a triatomic bridge Z = (O— 
BR—O).!01.1482 The triply bridged (208, Z = К,5№,) pyrazabole was also 
reported,'#83 as was the rather unusual, but structurally characterized complex, where 
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Z was 1,1'-ferrocenyl. Other types of pyrazaboles with the 1,1'-ferrocenyl bridge, and 
containing substituents on the pz ring were also reported.'484.!485 The structures of 
several of these pyrazaboles were determined by X-ray crystallography, and they were 
also studied by electrochemistry.!496 


The stability of the pyrazabole ring was demonstrated by performing a 
number of typical organic reactions on variously 2,6-disubstituted 4,4,8,8- 
tetraethylpyrazaboles, without destruction of the tricyclic pyrazabole core. The diverse 
2,6- substituents included CN, COOH, COONa, Br, Li, CHO, NO), NH, and 
N(COMe)).!? A particularly telling example was the nitration with fuming nitric acid 
of 4,4,8,8-tetrafluoropyrazabole, which resulted in clean nitration of the 2,6- 
positions, with their subsequent reduction to the 2,6-diamino derivative.'4°? The 
structures of the parent pyrazabole, of the planar 4,4,8,8-tetrabromopyrazabole,!477 
and of other pyrazaboles, exemplified by 4,4'-bis(pyrazol-1-yl)pyrazabole, 1,3,5,7- 
tetramethylpyrazabole, and 4,4,8,8,-tetrakis(pyrazol-1-yl)pyrazabole,'488 and also by 
4,8-dichloro-4,8-diethylpyrazabole, 4,4-dichloro-8,8-diphenylpyrazabole, 4,4,8,8- 
tetrafluoropyrazabole,'*78 [EtB},(\-Pz)>(-OBRO), 49? 4, 8-diethyl-4,8-bis(pyrazol-1- 
yl)pyrazabole,!#% and also by 2,6-dibromo-4,4,8,8,-tetraethylpyrazabole,'487 were 
established by X-ray crystallography. 


209 


Pyrazaboles could not be obtained from RBH and Hpz* components in 
those instances where both reactants contained very bulky substituents. Thus, the 
reaction of 1,5-borabicyclononane (BBN) with Hpz'E? yielded a monomeric 
pyrazolylborane, (BBN)-pz'8"?, and the same happened with a number of other very 
hindered pyrazoles. Only with Hpz, Hpz*P' and HpzM* were the appropriate 
pyrazaboles (ВВМ№)(ц-р2х):(ВВМ№) obtained.!?! In а more detailed study of this 
reaction it was shown that Et,Bpz'®"? can be first cracked to lose ethylene, producing 
the pyrazabole Et(H)B(u-pz'9"?); B(H)Et, which was then converted at higher 
temperatures to the complicated pyrazabole 209.149? 


182 HETEROSCORPIONATES 


4.4.2 Unsymmetrical pyrazaboles 


These pyrazaboles are defined as those where the 4- and 8-substituents are non- 
identical. They are typically of structure R;/B(-pz*);BR^, and can be synthesized by 
the reaction of a Bp, Tp or pz°Tp ligand with an R';BX compound, in which X is a 
good leaving group, which can be a halide, an aryl- or alkylsulfonate, and even 
trifluoroacetate, 417.532? as was shown in equation (4.3). Considering the wealth of 
scorpionate ligands available, this reaction permits the synthesis of a wide variety of 
asymmetric pyrazaboles. On the scorpionate side the ligands Bp, Bp*, EtBp, Ph;Bp, 
and pzTp were used, while on the R;/BX side EGB(OTs), Bu;B(OTs) were typical 
reagents, and MeBH;I was employed as a source of the [BH;]* fragment.?6 The BH; 
reactivity in pyrazaboles of structure H;B(J-pz*);BR; was the same as that of the 
symmetrical pyrazaboles, further expanding the synthetic scope of this area. 


The ability of pyrazaboles containing geminal 4,4- and 4,4,8,8-pyrazolyl 
groups to have their own coordination chemistry was demonstrated by the synthesis 
of various types of spiro-cationic species. These may be exemplified by the cation 
210 and the dication 211. The cation 210 (R = Et) could be prepared in two ways: 
by the reaction of pzTpPd(n?-allyl) with EGBX or, alternatively, by the reaction of 
4,4-diethyl-8,8-bis(pyrazol-1-yl)pyrazabole with the palladiumm complex [CIPd(n?- 
allyl)];. Treatment of pzTp with two equivalents of EBX, produced the spiro cation 
[EtB(A-pz);B(u-pz);BEt;]*.?!! Finally, the dication 211 could be prepared starting 
with 4,4,8,8-tetrakis(pyrazolyl)pyrazabole and reacting it with ZnCl) Et;BX, or 
[CIPd(n?-allyl))», respectively, which produced versions of 211 with MX; = ZnCl, 
EtB, or Pd(n?-allyl), respectively.'49-'4°5 Various boron-unsubstituted pyrazaboles, 
containing C-substituents, such as Me, Cl, CN, and Br, located at different positions 
of the pyrazolyl гіпр,!496 and also those containing boron tetrasubstituted with ethyl 
groups, have been studied by mass spectrometry. 946.1047 
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Chapter 5 


Applications of Scorpionate 
Ligands 


5.1 General Considerations 


This chapter presents examples of scorpionate ligands being studied for a variety of 
different applications. These include catalysis of polymerization, carbene/nitrene 
transfer, oxidation, the construction of models duplicating, or approximating, the 
spectral properties or the activity of various enzymes, metal extraction, metal 
deposition, and other uses. Some examples of studies using a series of Tp* ligands to 
explore a particular phenomenon, plus a number of miscellaneous items have also 
been included in this chapter. 


5.2 Catalysis 
§.2.1 Polymerization and Oligomerization 


The carbynes Tp*W(Cl);=CBu' and Tp*W(Br),=CPh were converted by alumina to 
Tp*W(O)CI(ZCHBu!), and Tp*W(O)Br(=CHPh), respectively, while the reaction of 
Tp*W(O)Br(=CHPh) with aniline yielded Tp*W(=NPh)Br(=CHPh). The latter 
compound, when combined with one equivalent of AICI;, catalyzed the acyclic diene 
metathesis (ADMET) oligomerization of 1,9-decadiene, producing a mixture of 
1,9,17-octadecatriene, 1,9,17,25-hexadodecatetraene, and ethylene in about 30 % 
conversion. On the other hand, the complex Tp*W(=NPh)Br(=CHPh) was an efficient 
ring-opening metathesis polymerization (ROMP) catalyst, with AICI; as a co- 
catalyst. While by itself, Tp*W(O)CI(-CHBu') did not catalyze ring-opening 
polymerization of cyclooctene, in the presence of AlCl; a rapid reaction ensued, 
producing polyoctenamer in over 90 % yield.” Similar activity was shown by Mo 
complexes TpMo(-CHR)(-NAr)(OTf) and TpMo(=CHR)(=NAr)(Me).67! 
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An air- and moisture-stable ring-opening metathesis polymerization 
(ROMP) catalyst was prepared on the basis of the air-stable, moisture-stable 
tungsten(VI) precursor, Tp*W(-CHBu')(O)CI. Addition of AICI; to this complex in 
cyclooctene at 25 °C, resulted in rapid ring opening polymerization of cyclooctene, 
producing high molecular weight polyoctenomer within 15 min. The catalyst retained 
its activity within the solidified polymer, as addition of more monomer led to further 
polymerization. The catalyst activity was identical in air, or in an inert atmosphere. 
Similar polymerization of norbornene could also be effected.” 


The compound TpMo(=CHCMe,Ph)(=NAr)(OTf), where Ar was 2,6- 
bis(isopropyl)phenyl, was by itself inert toward the metathesis of neat cyclooctene or 
1,9-decadiene, and it did not polymerize norbornylene. However, in the presence of 
AlCl, it quantitatively catalyzed the ring-opening metathesis polymerization of 
cyclooctene, at a rate comparable to that of its tungsten analog. The complex 
TpMo(=CHCMe Ph)(=NAr)(Me) in the presence of AICI, polymerized quantitatively 
norbornylene to a high polymer, However, neither of the above complexes, even in 
the presence of AICI;, would polymerize 1,9-decadiene. Only low yields of a dimer 
were obtained.®”! Related to the above molybdenum-based catalyst precursors were 
those based on tungsten, as exemplified by TpW(=CHBu')(=NPh)(CH,Bu'), 
TpW(-CHCMe;Ph)(2NPh)(CH;CMe;Ph), as well as by TpW(=CHBu')[=N(2,6- 
(Рг'):СеН (СНВ и). In the presence of AlCl}, these compounds catalyzed the ring- 
opening polymerization of сусІоосіепе.728 


Dimerization of terminal alkynes was found to be catalyzed by the neutral 
complexes of Ru!!, such as TpRuCI(PPh;);, TpRuCI(PPh;)(py), and TpRuH(PPh;);. 
The acetylenes studied were of structure RC=CH (К = Ph, SiMe;, n-Bu and t-Bu), 
and they yielded mixtures of 1,4- and 1,2-substituted butenynes, with the conversion 
and selectivity strongly dependent on the alkyne substituent. Phenylacetylene 
produced only head-to-head dimers, predominantly trans, while Me,SiC=CH yielded 
only the cis head-to-head dimer, plus some of the head-to-tail dimer. An almost 
random mixture of all three product isomers was obtained from Bu"C=CH, while 
Bu'C=CH led to the exclusive formation of the head-to-head cis isomer.??* 
TpRu(-CHPh)CI(PCy;) catalyzed ring-closing olefin metathesis in the presence of 
either НСІ, CuCl, or AICI;.8% 


The homopolymerization of phenylacetylene derivatives containing a variety 
of para-substituents (Н, Me, Cl, CN, COOMe, NO») was studied in detail, 
employing Rh! derivatives of sterically hindered homoscorpionates Tp®*Rh(COD) (R 
= Me, Ph, Рт). The resulting polymers had a head-to-tail, cis-transoidal structure. 
The reaction was strongly dependent on the Tp substituents, with the larger ones 
giving better yields, and at higher rates (Pr'» Ph » Me) . Reducing the bulk of the 
Rh complex by replacing COD with NBD decreased the yield, and replacement of 
COD with (CH;-CH;); gave no product at all. No product was also obtained when 
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CpRh(COD) was used. The complexes [Bp*]Rh(COD) and [Bp‘“F3)2]Rh(COD) were 
also active, implying that the active species involved к? coordination of the Tp* 
ligand. While the polymerization was tolerant of a wide range of phenyl substituents, 
the ortho substituted 2,6-dimethyl-4-Bu'-phenylacetylene, and aliphatic acetylenes 
RC=CH (R = But, SiMe; and COOMe) were іпасіїуе.969 


The hindered complex Tp'P»MgOEt acted in methylene chloride at 22 °C as 
а catalyst precursor for the fast, stereoselective ring-opening polymerization of L,L- 
dilactide, which was by an acyl cleavage (rather than alkyl cleavage) mechanism, to 


o 
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212 


yield isotactic poly(L,L-lactide), 212, with PDI = 1.2. No syndiotactic linkages were 
observed by NMR. This polymerization was thought to involve a single polymer 
chain per Mg center.!??* 


Ring-opening metathesis polymerization of norbornene was catalyzed by the 
complex TpRu(-C-CHPh)(CI)(PPh;). The yield of polymer was 76 % after 24 hrs at 
80 *C, and 9946 after 72 hrs. By contrast, replacement of Tp with Cp* gave only 
29% after 24 hrs, and replacement of Tp with Cp gave no polymer at all. The 
catalytic activity of TpRu(=C=CHPh)(Cl)(PPh3) was enhanced by the presence of 
additives, such as PdCl,(NCMe), ог BF Et;O, and retarded by additives, such as 
Al(OPr')3, CuCl, or AgOTf.5? Complexes Tp*RuH(H;) and Tp*RuH(COD) (Tp*= 
Tp, Tp*) were catalytically active in the reduction of unactivated ketones, using 
either Н, directly, or by transferring H; from alcohols.569 


The polymerization of ethylene was studied using the complex 
Tp*NbMe,(PhC=CMe), activated with one equivalent of B(CsF;),, the reaction 
being done in toluene at room temperature, and under 1 atm of ethylene. The Tp* 
ligands were Tp, Tp*, and Tp*C!, their activity increasing in this order, as measured 
by the amount (in kg) of polyethylene produced per mol of catalyst: 20, 100, and 
130, respectively. The catalytic activity was discussed in terms of electrochemical 
data for the dichloro complexes Tp*NbCI,(PhC=CMe), and also in terms of the rates 
of alkyl migration in complexes Tp*NbCI(R)(PhC=CMe) (Е = Et, CH)SiMe;). It 
was found that at a given electron density on the metal, the bulky Tp* ligand yielded 
a much more active catalyst than the parent Tp.*07 
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Another potentially very promising scorpionate-based system for ethylene 
polymerization involved yttrium complexes, Tp*YR;(THF), obtained by treating 
Tp*YCI,(THF) with the appropriate RLi reagents (К = Me, Виш, Ph, CH)SiMe;). 
The corresponding hydride complex was also synthesized. All the alkyl and hydride 
species polymerized ethylene, yielding linear, high-molecular-weight polyethylene, 
despite the fact that THF was coordinated to the initial yttrium complexes. Least 
active were complexes with R = Me or CH;SiMe; (30 and 15 moles PE/moles of Y, 
respectively). For R = phenyl, the number was about 1100, and for R = t-butyl, over 
1900. It was also possible to obtain active catalysts by replacing Tp* with Tp or 
with Tp?" in the above system (although the Тр?" analog was less active than the 
complex with Tp*), and to replace Y!!! with La!!!, Nd!!! or Sm™! It is noteworthy that 
Lewis acid co-catalysts, such as aluminoxane were not required to activate this 
system.343 


Still another olefin-polymerization catalyst was Tp*V(-NAr)Cl; where Ar 
was 2,6-bis(isopropyl)phenyl, in combination with aluminoxane. This system 
polymerized ethylene at room temperature in toluene to a high molecular weight 
polymer. Propylene was polymerized under pressure to yield only viscous oily atactic 
oligomers.?9? A patent application cited the use of the reaction product of KTp with 
VOCI, in the presence of methyl aluminoxane and ethylene, to produce 
polyethylene.!9995 Another ethylene polymerization catalyst was based on the 
complex of ТІСІ, with the reaction product of КВН, with Hpz, used in the presence 
of methyl aluminoxane.!^9 A different catalytic system for olefin polymerization 
was claimed on the basis of lanthanide or actinide complexes of Tp* ligands, 
containing a substituent of at least 3 carbons in the 3-position. A typical catalyst 
was prepared by the reaction of ТЇС with КТрР"Ме 190 Complexes of both, Bp* 
and Tp*, with group VIII metals, in addition coordinated to Group VA elements, were 
claimed as catalysts for the oligomerization and polymerization of olefins, and the 
copolymerization of olefins with carbon monoxide. !50! 


A nickel-based olefin polymerization catalyst has been reported, involving, 
among other ligands, also scorpionates, and possessing the general structure 
[R,R'B(pz*);]Ni(L'(L?), where pz* was a diversely subsituted pyrazolyl group, R, R' 
were hydrogen, hydrocarbyl or substituted hydrocarbyl, L! was a neutral monodentate 
ligand which could be displaced by the olefin to be polymerized, and L? was a 
monoanionic monodentate ligand, or L' and L? taken together were a monoanionic 
bidentate ligand, provided that the monoanionic ligands could add to the olefin. The 
use of a Lewis acid in this system was optional.!*°? The pzTp ligand was also used 
as an additive in a system for the dimerization of acrylonitrile.!50? Stereoregular 
copolymerization of ethylene with carbon monoxide at good rates was catalyzed 
above 20 °C by the structurally characterized complex Tp?*Ni(PPh3)(0-Tol), and to a 
lesser extent by Tp? Ni(PPh; (o-Tol). This reaction was not poisoned by pressuring 
the system with CO before the addition of ethylene. Attempts to use related 
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Tp*ligands, such as Tp, Tp*, Tp'®", and Tp'!Me were unsuccessful for a variety of 
reasons. !264 


Polymerization of neat methyl methacrylate at 70 °C to a high polymer 
(My = 931000, My =196000, My/My = 4.74) was effected by the hindered complex 
[Тр'В#Ме]СоМе, and a control experiment established that the cobalt complex was 
required for polymerization under these conditions. This rection was thought to be of 
radical nature, initiated by methyl radicals resulting from homolysis of the cobalt— 
carbon bond.!529 


The compound TpP^Cd(OAc) was converted to a variety of cyclic ether or 
thioether derivatives, TpP"Cd(OAc)L, where L was THF, dioxane, propylene oxide, 
cyclohexene oxide, and propylene sulfide, and several of these complexes were 
structurally characterized by X-ray crystallography. The ligands L were labile, and 
dissociated in solution, generating a five-coordinate species. It served as a model for 
the initiation step in the copolymerization of epoxides with carbon dioxide, catalyzed 
by metal carboxylates.!271.1272 


5.2.2 Carbene/Nitrene Transfer 


The copper(I) complex Tp*Cu(CH;-CH;) was found to catalyze under mild 
conditions the reaction of ethyl diazoacetate with alkenes to form cyclopropanes in 
high yields (76-96 %). This reaction was successful with styrene, cis-cyclooctene, 
and 1-һехепе, but it failed with trans-stilbene. In the analogous reaction with alkynes 
(I-hexyne, 3-hexyne, 1-phenyl-1-propyne) the yield of cyclopropenes was lower (41- 
64%). Tp*Cu(CH;-CH;) also catalyzed nitrene transfer from PhI=NTs to alkenes, 
forming aziridines in 40-90% yield.!99? Cyclopropanation of styrene, catalyzed by the 
complexes 166 (p. 123) and 198 (p. 172), was also studied.!257.1258 


A Bp-based system for the cyclopropanation of olefins, capable of operating 
under homogeneous and heterogeneous conditions, utilized complexes BpCu, BpCuL 
(L = Ыру, PCy3, Ph;CH;CH;PPh;) and BpCuL, (L = py, PPh;). These compounds 
could be used either in a homogeneous system, or supported on silica gel. Thus, 
BpCu, along with an olefin (styrene, cyclooctene, or 1-hexene) and ethyl diazoacetate, 
gave rise to the corresponding cyclopropanes in high yield, with no excess of olefin 
employed. The active species was thought to be the 14-electron BpCu fragment. The 
heterogeneous system gave somewhat better yields than the homogeneous one, and 
the catalyst could be recovered and reused several times up to 6-12 cycles.'4!6 


A large scope of activity was exhibited by the electrophilic carbene complex 
[Tp*W(=CH>)(CO)(PhC=CMe)]*. This species was found to transfer its methylene 
to olefins, such as styrene, cyclohexene, or 4-methylstyrene, producing 
cyclopropanes. It also served as a catalyst for aziridine formation from imines and 
ethyl diazoacetate.5! 
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5.2.3 Oxidation 


The oxidation of adamantane, cyclohexane and cyclohexene with dioxygen was 
catalyzed by the dinuclear Fe!!! complex, [ТрЕе]›(и-ОАс)›(и-О). The products from 
adamantane were adamantan-1-ol, adamantan-2-ol, and adamantan-2-one, while from 
cyclohexane and cyclohexene, the products were cyclohexanol, and cyclohex-2-en-1- 
ol, respectively.54 Oxidation of methyl linoleate was effectively catalyzed by Tp;Fe, 
which was much more active than a variety of other iron complexes. The oxidation 
mimicked the action of lipoxygenase.!59* 3-R substituted Tp* ligands were claimed as 
ligands in manganese complexes, used for bleaching and oxidation purposes. 505.1506 
The complex TpFe(PhCOCOOO), a model of a-ketoglutarate enzyme was active as 
olefin epoxidation catalyst,®47 while TpCu(py) activated dioxygen for the oxidation of 
organic substrates under mild conditions.!567 


5.2.4 Miscellaneous Catalysis 


The complexes TpP^Zn(OOCCH;CN),'?5 and Tp?*Zn(OAc),!246:!269 were studied as 
catalysts for the decarboxylation of cyanoacetic acid, and for malonate 
decarboxylation, respectively. Several ruthenium(II) complexes catalyzed the addition 
of benzoic acid to phenylacetylene, producing the trans-adduct, PhCH=CHOOCPh, 
along with smaller amounts of the cis-adduct and HyC=C(Ph)OOCPh, the latter 
being formed only in the case of TpRu(COD)(MeCN)(CF;SO3) being the catalyst. 
The active compounds were TpRu(COD)CI, TpRu(py)2Cl, TpRu(tmeda)Cl, and 
TpRu(COD)(MeCN)(CF3SO3), while TpRRu(COD)(H;OX(CF;SO.) was inactive.8% 
Complexes Tp*RuCI(NCPh); (Tp*= Tp, pzTp) catalyzed olefin hydrogenation.506 


5.3 Enzyme Modelling 


Scorpionate ligands have been used by many researchers in modelling studies for 
various bioinorganic systems, in particular for enzymes in which the metal is 
coordinated to three imidazolyl nitrogen atoms from three histidine ligands. For that 
purpose, homoscorpionates with a variety of 3-substituents have been used, adjusting 
the size and geometry of the hydrophobic pocket by the choice of the 3-R 
substituents. Furthermore, heteroscorpionates combining two N and one S donor 
function, could be used to mimic the coordination by two histidines and one 
methionine or cysteine ligand to the biologically active metal ion. These studies 
encompassed a variety of metals, and the use of many types of Tp* and Врх ligands. 
Some of these complexes succeeded in mimicking quite closely the spectral, and 
certain chemical properties of the particular enzymes. Since the functions of the 
enzymes being modeled varied, this section is organized according to the metal 
present at the active centers. 
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5.3.1 Vanadium 


A series of vanadium(V) phenolate complexes of general structure Tp*VO(OAr), has 
been synthesized, and the structure of Тр*УО(ОСНЦ-р-Вг)з was determined by X-ray 
crystallography. These complexes were easily hydrolyzed to the dimeric 
[Tp*VO(OH)];O species, and were discussed as possible models for the active site in 
bromoperoxidase.*”? Other vanadyl compounds, based on Tp and Тр“ ligands were 
synthesized in this context, and they were studied by !H, C, and У NMR, 
electrochemistry, optical spectroscopy, and EXAFS. Two types of complexes were 
prepared: TpVO(OR), and TpVO(OR)CI. The latter complexes contained the shortest 
V—OR bonds hitherto reported, and this was of relevance to some of the properties 
found in bromoperoxidase. The above alkoxides readily underwent hydrolysis, 
forming various oxo-bridged multinuclear species, and one of these was characterized 
by X-ray crystallography as the tetrameric (TpVO;],.?67 


5.3.2 Molybdenum 


Molybdenum, usually in its higher oxidation forms, is an essential nutrient for all 
forms of life. It is present in the molybdopterin enzymes xanthine 
oxidase/dehydrogenase, sulfite oxidase, nitrate reductase and dimethyl sulfoxide 
reductase, which possess mononuclear molybdenum cofactors, with the metal bound 
by one or two 1,2-dithiolate links to one or two pterin systems, as shown in 215. 
One frequently encountered reaction is the oxygen transfer reaction (OAT), of the type 
MY! + X —> MV + XQ.68 1523 
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An example of OAT involving Тр" ligands was the oxidation of PPh; to PPh4O, or 
the reduction of Me,SO to Me;S, catalyzed by the complex Tp*MoO;[SP(S)R;], 
which in the former reaction was reduced to Tp*Mo(O)(S;PR;), with the latter 
complex being oxidized in the second reaction to Tp*MoO;[SP(S)R;].9? The 
complex Tp*MoO,(SPh), and related compounds of general structure Tp*MoO;(Y ), 
where Y was an anionic ligand, were synthetic models for the sulfite oxidase family 


of enzymes, which contain MoV'O,sites with one pterin 1,2-dithiolate 
ligand, 622.624.643.665 


190 APPLICATIONS OF SCORPIONATE LIGANDS 


The xanthine oxidase family of enzymes contains MoY!OS sites with one 
pterin 1,2-dithiolate ligand. A structurally relevant complex containing a cis-Mo¥'OS 
center, Tp*MoOS(S;PPr';), 216, has been synthesized.55? The Mo=S distance of 
2.227(2) A was close to that estimated for xanthine oxidase/dehydrogenase, and the 
stabilizing SS interaction was an important structural feature, possibly analogous 
to the one found in aldehyde oxidoreductase. Just as xanthine oxidase/dehydrogenase 
gets deactivated by cyanide ion, with the formation of a "desulfo" MoV!O, species and 
thiocyanate ion, the complex Tp*MoOS(S;PPr';) reacted with cyanide ion, forming 
quantitatively thiocyanate ion, by way of a sulfur atom transfer. It produced under 
anaerobic conditions Tp*MoO(S;PPr';), and Tp*MoO.(S2PPr'z) in the presence of 
water and oxygen.°5° 
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The structurally characterized complex 217 was prepared by a sulfur atom 
transfer reaction. On the basis of Mo-S and S-S distances, it was best formulated 
as an oxidodithiomolybdenum(IV) species. Both of these complexes generated EPR- 
active Мо“ species upon either reduction or oxidation. They also both produced 
oxothiomolybdenum(V) anions upon reduction, and oxodithiomolybdenum(V) 
cations upon oxidation.5?* 


5.3.3 Tungsten 


The tungsten enzymes include aldehyde oxido-reductase, formate dehydrogenase and 
formylmethanofuran dehydrogenase. Their exact mode of functioning is less known 
than that of the molybdenum enzymes, although they frequently contain sulfur. In an 
approach to such structural features, a number of Tp*WOS and Tp*WS), derivatives 
has been synthesized. 139734757 Such complexes reacted with УТУО and W'YS species 
via transfer reactions of the sulfur atom. In contrast to the МОМО core of xanthine 
oxidase/dehydrogenase and Tp*MoOS(S;PR;), which react with cyanide ion via 
formation of thiocyanate, such deactivation was not observed in some of the tungsten 
enzymes, nor in the complex Tp*WS,Cl. 
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Complexes of general structure Tp*WS,(X), such as 218, reacted readily 
with variously substituted acetylenes, including acetylene itself, under very mild 
conditions, yielding enedithiol W! derivatives, exemplified by 219. The molecular 
dimensions of these complexes were close to those found in the enzyme formate 
dehydrogenase.757 
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5.3.4 Manganese 


Two scorpionate complexes, Tp'"?Mn(OBz), and the structurally characterized 
Tp/"?Mn(OBz)(Hpz*?), were investigated as mimics of manganese superoxide 
dismutase. Activity was observed in the xanthine oxidase-NBT assay, leading to the 
conclusion that these compounds have the activity of superoxide dismutase, but not 
that of diformazan superoxidase or that of diformazan peroxidase.!??? Oxidation of 
the dinuclear complex [Tp'"?Mn(OH)] with molecular oxygen yielded a complex in 
which both oxygen atoms were incorporated into the tertiary position of one 
isopropyl group per ligand, along with the loss of one water molecule, converting 
the double (OH) bridge, to a single —O— bridge. This was regarded as a dioxygenase 
type of oxygen insertion.!?9? Dinuclear manganese(III) complexes TpMn(u-O)(u- 
O;CR);MnTp (К = Me, Et, Н) were synthesized as possible models for known 
binuclear manganese enzymes, which are active in various redox functions in living 
systems. These complexes were studied spectroscopically, electochemically, by 
NMR, and the structure of TpMn(u-O)(gt-OAc);MnTp was determined by X-ray 
crystallography. It was concluded that substitution of Fe(III) with Mn(III) in proteins 
containing the [Fe20]^* core would permit more effective investigation of these 
centers in iron-oxo proteins, such as ribonucleotide reductase.758 


5.3.5 Iron 


The earliest example of using scorpionate ligands in modelling enzymes, was the 
work of Lippard aimed at hemerythrin, an oxo-bridged diiron enzyme, in which each 
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iron was coordinated to three histidine nitrogens and, in addition, there were two 
carboxylato bridges derived from aspartate and glutamate. Several complexes of the 
structure [ТрЕе]›(и-О)(и-ООСЕК)» (К = H, Me and Ph) were prepared, those with R 
= Н and Me were structurally characterized, and the geometry of the [FexD(OOCR); 
core was found to resemble closely that of hemerythrin.5? The hydroxo-bridged 
cation, ((TpFe];(i-OH)(4-OAc);]*, was also prepared and structurally characterized. 
Its spectral and magnetic properties differed sufficiently from the oxo-bridged 
complex, to suggest that oxo-, rather than hydroxo bridges are present in the 
methemerythrins.83° The complex (TpFe](H-O)(u-OAc)2 and its !#О analog were 
studied by Resonance Raman, and their excitation profiles were obtained, permitting 
the assignment of some bands in azidomethemerythrin.555 In another study, the 
XANES and EXAFS spectra of the model complex were compared with those of the 
purple acid phosphatase from beef spleen.5 The structure of a more sterically 
hindered complex, (Tp/"?Fe];(i-OH)(ut-OOCPh), 220, was compared with that of 


220 


deoxyhemerythrin. While the Fe-OH distances of 1.96 and 1.99À were comparable 
to the average Fe-OH distance in deoxyhemerythrin (2.02 A), the Fe-(OH)-Fe core in 
the enzyme is asymmetric (2.15 and 1.88 A, respectively), and thus not quite similar 
to the above complex.'*!! Another use of the binuclear complex [TpFe];(u-O)(u- 
OAc), was in the oxidation of alkanes, regarding it as a possible model for methane 
mono-oxygenase.846 


A monuclear, structurally characterized complex, Tp'?Fe(OOCPh)(MeCN), 
was regarded as a synthetic model for dioxygen binding sites of non-heme iron 
proteins, based on its electronic spectral changes under argon and/or dioxygen.!3!0 
Using more heavily substituted homoscorpionate ligands, Tp'?'?, and Tp'8¥4Pr the 
substituted catecholato complexes 221 and 222 were prepared, by way of oxidizing 
with О; their tetrahedral iron(II) precursors, containing just one aryloxy oxygen 
bonded to iron. Further reaction with oxygen gave, in the case of the less hindered 
complex, 221, the extradiol and intradiol cleavage products: the two о-ругопеѕ 223 
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and 224, and the anhydride 225, while in the case of the more hindered 222, there 
was no further reaction with oxygen. The above complexes were viewed as 
representing structural and functional models of the catechol dehydrogenases.!*9 
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А model for the peroxo intermediate іп the methane monooxygenase 
hydroxylase reaction cycle was prepared by way of oxidizing Tp "?Fe(OOCCH;Ph) 
with oxygen, which yielded the structurally characterized binuclear complex 
Tp? Fe(u-1,2-02)(u-OOCCH3Ph)z. Its optical, Móssbauer and Raman spectra 
resembled closely those of the peroxo intermediate of methanol monooxygenase.!3!? 
The complex Тр'?'2Ее(ОАг) reacted with meta-chloroperbenzoic acid at -78 °C which 
resulted in ortho-hydroxylation of the 4-substituted phenolate ligand, yielding a 
catecholato derivative, from which the catechol was isolated through methanolysis of 
the complex. This was regarded as mimicking the activity of tyrosine 
hydroxylase. !38 In order to model the reactivity of o-ketoglutarate-dependent non- 
heme iron(II)-containing enzymes, the complex Tp*Fe(OOCCOPh)(MeCN) was 
synthesized, and used in the reaction of cyclohexene with oxygen in the presence and 
absence of tributyltin hydride (a radical trap). Without Bu3SnH, the products were the 
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epoxide, 2-cyclohexene-1-one, and 2-cyclohexene-1-ol, but when Bu3SnH was 
present, only the epoxide was isolated, in yields that were the same as without it (42- 
43 %). Epoxidation of stilbene was also achieved.94? 


5.3.6 Nickel 


As part of a study of five-coordinate nickel-cysteinato complexes, of relevance to the 
nickel component of the active site in several hydrogenase enzymes, which catalyze 
reversibly the reaction: Hy €» 2H* + 2 е”, and participate in the bio-generation of 
hydrogen and methane, as well as nitrogen fixation, the five coordinate nickel 
complexes Tp*Ni(OEt-cysteinato) and Tp'^MeNi(OEt-cysteinato) were synthesized, 
studied by spectroscopy, and the structure of Tp*Ni(OEt-cysteinato) was determined 
by X-ray crystallography.!534 


553.7 Copper 


A number of scorpionate copper derivatives, synthesized in order to model various 
properties of the copper-containing natural products, have been discussed in a review 
devoted to the structure and function of copper proteins.!5?* The structurally 
characterized Tp?*Cu(pterin) complex was prepared in an approach towards a model 
for the active metal site in phenylalanine һудгохуЇаѕе.!263 A monuclear 
(acylperoxo)copper(II) complex, 226, was obtained by the reaction of the dimer 
(Tp'??Cu(OH)]2 with m-chloroperbenzoic acid. It oxidized PPh; to PPh3O, being 
reduced to the structurally characterized, and symmetrically bonded m-chlorobenzoate 
complex, 227.4 As part of a study to assess the role of copper in the ethylene effect 
on plants, a number of copper(I) complexes of the type TpCu(olefin) and 
Tp*Cu(olefin) was prepared, some of them were structurally characterized, and it was 
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demonstrated for the first time that the chemistry observed was consistent with the 
proposed role of copper at the ethylene binding site of plants.!065 The complex 228, 
which contained five-coordinate copper, was prepared as a simple model for the 
copper center of galactose oxidase, and it was studied by electrochemistry.!?75 


228 


Heteroscorpionate complexes (p-TolS)Bp*Cu(L), where L was O- 
ethylcysteinato, p-nitrophenylthiolato, and pentafluorophenylthiolato, were 
synthesized, and their spectroscopic properties were compared with those of the №5 
active site in poplar plastocyanin.'?? The compounds K(Tp*CuSAr] and Tp*Cu(SAr) 
were prepared, aiming for models for the active sites in blue copper proteins, as were 
complexes Tp*CuL (L = SR, OAr or Me;NCS;).1063.1064 Several other thiolato 
derivatives, such as Tp'"?CuSBu',!??? and Tp'"?CuSC,F;s,were synthesized, and 
their spectra were found to be a better match for those of the blue copper proteins, 
than those derived from Tp*-based complexes. The structure of Tp"?CuSC,Fs was 
determined by X-ray crystallography.!32 


In a more detailed study, four such thiolate complexes of structure 
Tp/?CuSR (R = tert-Bu, sec-Bu. CPh; and С;Е; ) were synthesized, and the one 
with R = CPh; was stucturally characterized. These compounds were studied by 
Resonance Raman spectra, modelling the spectra of the blue copper proteins and 
providing insight into to coordinative environment of copper in such proteins.!??4 
An unusual tricopper (LILI) complex of the Bp* ligand has been structurally 
characterized, in which all three coppers were linked through sulfide bridges as shown 
in structure 191 (see p. 161). This complex was thought to be of some relationship 
to the proposed mixed valence dicopper electron transfer sites in the enzymes nitrous 
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to the proposed mixed valence dicopper electron transfer sites in the enzymes nitrous 
oxide reductase, or in cytochrome c oxidase.'436 Two complexes, regarded as possible 
intermediates in the nitrite reduction by the copper nitrite reductase, and models for 
NO coordination to isolated copper sites in proteins and in zeolites, were synthesized. 
They were the 11-electron Tp'8™CuNO and Tp?'?CuNO, each prepared by action of 
NO upon the dimeric copper(I) complex, [Тр'8"Си); , and on Tp? Cu(Hpz^?), 
respectively. The former complex was structurally characterized. Their spectroscopic 
features were discussed, and compared with those of analogous copper protein 
species.!239 


A dicopper complex, claimed to be an accurate synthetic model of 
oxyhaemocyanin, was prepared by hydrogen peroxide oxidation of [Tp*Cu],(u-O), 
which yielded а new peroxo-bridged complex, (Tp*Cu]2(H-Oz). It was characterized 
by field desorption mass spectroscopy and Resonance Raman, and its O—O 
stretching frequency was close to that of oxyhaemocyanin (744-752 cm! ).1069.1070 
The reactivity of this complex towards various substrates was tested, and it was found 
not to oxidize PPh; or CO, but to form mononuclear copper(I) complexes Tp*CuL. 
Cyclohexene was oxidized only under aerobic conditions, and the incorporated oxygen 
came only from the exogenous dioxygen, and not from [Tp*Cu],(uU-O2). Phenols 
were oxidatevely coupled under anaerobic conditions, and under a dioxygen 
atmosphere there was both, coupling, and quinone formation, rationalized in terms of 
homolytic O—O bond cleavage in [Тр*Си]:(р-Оз), followed by free radical chain 
reactions with dioxygen.!??! A detailed study of dioxygen binding and the core 
isomerization between the Cu;(p-7?:1?-O5) and Cu;(p-O); was carried out on 
[TpCu];O;- as a mimic of the enzymes oxyhemocyanin (a reversibly binding 
oxygen carrier) and oxytyrosinase (a monooxygenase oxidizing phenols) — by 
gradient-corrected density functional methods. The calculated oxygen binding energy 
was - 184 kJ/mol, implying irreversible binding.!°73 


5.3.8 Zinc 


A considerable amount of effort in the area of modelling zinc-based enzymes was 
centered on carbonic anhydrase, in which zinc is coordinated to three histidine 
imidazolyl groups. Thie enzyme catalyses the reversible hydration of carbon dioxide 
by a process which involves deprotonation at neutral pH of a zinc-bonded water 
molecule, followed by a nucleophilic attack of a zinc-bound hydroxide at the carbon 
dioxide substrate to produce a bicarbonate intermediate. In the final step of the cycle, 
water displaces the bicarbonate ion, to regenerate the starting material. 


In order to model this enzyme, Tp* ligands were required with sufficient 
steric hindrance to support a monomeric Tp*ZnOH complex, without forming the 
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Tp*;Zn species. One such ligand was Tp'8"Me. Thus, the complex Tp'B» McZnOH 
was found to react rapidly and reversibly with carbon dioxide, forming the bicarbonate 
complex Tp'P» MeZn(OCO,H), which was characterized by IR spectroscopy. This 
complex was slowly converted to the carbonate complex [Tp'P" MeZn]5(CO.), in 
which the carbonate ion bridged the two zinc centers in a symmetric, unidentate 
mode. That the complex Tp» MeZnOH was a functional model of carbonic anhydrase 
was also demonstrated by its catalysis of oxygen atom exchange between carbon 
dioxide and Hy'70. Another piece of supporting evidence for the bicarbonate complex 
was obtained by the synthesis of the well-characterized Tp'8"“eZnOC(O)OMe 
species, which was obtained upon the reaction of Tp'8"MeZnOH with 
[MeOC(0)]20.135* 


In contrast to Tp'8"MeZnOH, Тр'Р'27пОН yielded readily the carbonate 
complex, in which the carbonate ion was bonded bidentate to one zinc, and 
monodentate to the other.!??? In order to correlate the activity of metal-substituted 
carbonic anhydrase with the mode of coordination of the bicarbonate ligand, structural 
studies were carried out, establishing the modes of binding of nitrate and carbonate 
ligands in complexes of the type Tp'®YM(NO3) and (Tp/??];CO;. The binding modes 
were metal-dependent, and in the case of the nitrate complexes ranged from 
symmetrical bidentate (Ni, Cu) to asymmetric bidentate (Co), to monodentate 
(2п).6'!-1296 On the basis of these data, a progressive ground state stabilization of the 
bicarbonate ligand was anticipated in line with the series Zn , Co « Cu, Ni, and Cd. 
In the case of the carbonate complexes the bonding was symmetrical bis-bidentate for 
Ni and Cu, asymmetric bis-bidentate for Fe and Co, and monodentate/bidentate for 
Zn 


Modelling of the catalytic cycle of liver alcohol dehydrogenase (LAD) was 
also served by a (Tp'P" MeZn]L species. The alkoxide complex, Tp-"MeZnOR, which 
was prepared by the reaction of the hydride Tp'B» MeZnH with ROH, was found to 
equilibrate with the hydroxide, Tp'P"-MeZnOH, in the presence of water, and 
equilibrium constants for this reaction, and relative Zn-OH versus Zn-OR bond 
energies were obtained. Upon the reaction of various Tp'P" MeZnOR species with p- 
nitrobenzaldehyde, the complexes Tp'P» McZnOCH;Ar were formed, along with an 
aldehyde or ketone, derived from the original OR ligand. This reaction did provide 
evidence for zinc-mediated hydride transfer from ROH to ArCHO, of relevance to 
LAD activity.!526 


Another zinc enzyme mimicked by a Tp* ligand was alkaline phosphatase, 
which catalyses non-specific hydrolysis of phosphate monoesters. Treatment of 
Tp'"?ZnOH with mono(p-nitrophenyl)phosphate yielded the dinuclear complex 
[Tp"?Zn];OP(OY OC;H4NO;)O], the structure of which was established by X-ray 
crystallography. This was the first example of a dinuclear zinc complex bridged 
solely by a phosphate ligand, and thus resembling the alkaline phosphatase 
enzyme.!328 
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Modelling of cobalamine independent methionine synthase, which takes part 
in the biosynthesis of methionine by transferring a methyl group from an appropriate 
source (for instance, methylcobalamine) to homocysteine, was aimed at employing 
the complexes Tp*ZnSR and Tp^^MeZnSR (К = Et, CH;Ph). All four complexes 
reacted with methyl iodide under mild conditions yielding the appropriate methyl 
thioethers, but the rates of methylation were much higher with TpP^-McZnSR than 
with Tp*ZnSR, which was ascribed to higher hydrophobicity of the TpP^M* ligand. 
The Tp""-McZnSEt complex also formed the methyl ether upon reacting with 
trimethylsulfonium iodide, modelling the reaction of S-adenosyl methionine. These 
methylations were regarded as the closest analogs of their biological models.!05? 


A thorough and detailed kinetic study of the hydrolytic cleavage reaction of 
various triorganophosphates OP(OR);(OR') by several Tp"ZnOH complexes was 
carried out, leading to Tp"ZnOP(O)(OR); and HOR' as products. The scorpionate 
ligands used were TpP^Me, TpCumMe and TpPi-Me, while the OR groups were OPh, 
OC,H4-p-NO>, OEt, and also those in which the R group was 2,3-isopropylidene-5- 
methylribosyl. Similar results obtained during ester cleavage by the same Tp*ZnOH 
complexes led to the conclusion that a four-center arrangement (ZnOPO or ZnOCO, 
respectively) in the activated complex is in operation, akin to that operating in zinc 
enzymes. A detailed mechanism was proposed for the reaction trajectory in such 
hydrolytic reactions, activated by [LyZnOH] species. 4?! 


5.4 C—H Bond Activation 


Scorpionate complexes, primarily of rhodium and iridium, were studied in 
conjunction with the activation of aliphatic and aromatic C—H bonds. Such 
activation was achieved either photolytically or thermally, resulting in oxidative 
addition of H and R or Ar entities from the solvent to the metal, or the formation of 
M—C bonds to specific substituents on the homoscorpionate ligand. The most 
commonly used complexes were those of rhodium(I) and iridium(1). 


The first example of such activation was reported in 1987 by Graham, who 
found that irradiation of Tp*Rh(CO), in benzene proceeded with loss of CO, and 
formation of the benzene oxidative addition product, Tp*Rh(CO)H(Ph), which 
underwent exchange with Се, producing Tp*Rh(CO)D(C4D;). An analogous 
reaction took place in cyclohexane, yielding Tp*Rh(CO)H(Cy).?55 The same 
activation of benzene or cyclohexane occurred, with concomitant addition of H and of 
Ph ог R to rhodium, when the corresponding solutions of Tp*Rh(CO); were purged 
in the dark with N20.?*6 The complex Tp*Rh(CO); was converted by benzene to 
Tp*Rh(CO)H(Ph), and it equilibrated with methane, forming Tp*Rh(CO)H(Me). 
Thermolysis of Tp*Rh(CO), in benzene at 140 °C also yielded Tp*Rh(CO)H(Ph), 


5.4 C—H BOND ACTIVATION 199 


but this was accompanied by decomposition.?^5 On the other hand, benzene solutions 
of Tp*Rh(CO)(olefin) complexes (olefin = ethylene, propene, cyclooctene), when 
thermolyzed in the dark at 70-100 °C, gave rise to Tp*Rh(CO)H(Ph) in high 
yield.” Photolysis at room temperature of Tp*Rh(CO)(CH;-CH;) yielded 
Tp*Rh(CO)H(Ph) and Tp*Rh(CO)(Et)(Ph) in about 1:1 ratio. These products were 
not interconvertible.948 


A detailed infrared study of Tp*Rh(CO); photolysis in pentane, which 
yielded Tp*Rh(CO)H(pentyl), permitted the determination of the absolute quantum 
efficiencies for intermolecular C—H bond activation at several excitation 
wavelengths, and showed that the precess is highly wavelength-dependent, and that 
high quantum efficiencies can be attained.?5??59 The best conversion efficiency (cH 
= 0.31-0.34) was achieved upon near-UV excitation at 313 or 366 nm. In 
trimethylsilane, the product was Tp*Rh(CO)H(SiMe;), in toluene it was 
Tp*Rh(CO)H(Tol), but in pyridine, only decomposition took place. Photolysis of. 
BpRh(CO), did not lead to C—H bond activation. These studies also indicated that 
the thermal, or longer-wavelength chemistry, is based on a species with bidentate 
Tp* ligand.°5! Further investigation of this reaction in aromatic (benzene, toluene, 
mesitylene, xylene) and aliphatic (pentane, hexane, heptane and isooctane) solvents 
permitted refinement of the previous data, and also showed that the process is not 
retarded by the presence of excess carbon monoxide. This was interpreted to mean that 
the intermediates are very short-lived and become solvated before CO is able to 
coordinate.?5? 


When instead of Tp*, the Тр?" ligand was used, different results were 
obtained. Irradiation of TpP^Rh(CO);in benzene led to internal C—H bond 
activation, and oxidative addition of the 3-phenyl group, yielding 231. It reacted with 
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CO, regenerating the starting material, which led to the conclusion that 231 is in 
equilibrium with TpP^Rh(CO). When the substrate was cyclopropane, the product 
was 232, presumably arising from a rearrangement of the initial cyclopropyl hydride 
species, TpP*Rh(CO)H(Cpr). Using the Тр'Р' ligand, different results were obtained, 
depending on the solvent used. In benzene, Tp'"'Rh(CO), was converted to 
Tp/''Rh(CO)H(Ph), but in cyclohexane, the reaction yielded the intramolecular 
oxidative addition product 233. Complex 233 reacted with cyclopropane at room 
temperature, being converted to the Тр?Р' analog of 232.!!?? Photolysis of 
Tp'8"Rh(CO), yielded only decomposition products. On the other hand, both 
complexes, Tp°F3M&Rh(CO), and TpCFsMeRh(CO)(ethylene), when irradiated in 
benzene, gave the same product, TpCF* MeFRh(CO)H(Ph), although at a slower rate 
than in the case of the Tp* analog. Formation of TpC 3 M*Rh(CO)(Et(Ph) was not 
observed.!!9? 


Tp*Rh(CO), photolysis was also studied in argon, perfluorokerosene, Nujol 
and methane matrices at about 12 K. There was indication that the reaction started by 
CO loss, followed by dechelation of one pz* arm of the Tp* ligand. In the nitrogen 
matrix, a № complex was formed, but no activation of C—H bonds was noted. Only 
at higher temperatures was C—H bond activation observed.’ Bergman studied this 
reaction by means of ultra-fast IR spectroscopy, which permitted to establish the 
femtosecond dynamics of the C—H activation process. It proceeds through the loss of 
CO, producing a short-lived tetrahedral monocarbonyl complex, which gets rapidly 
solvated by the RH solvent. This is followed by dechelation of one pz* arm of the 
Tp* ligand, followed by R-H activation and addition to Rh, with final rechelation of 
the detached pz* arm. The energy barriers for each specific reaction step were 
calculated. For comparison, the photolysis of Bp*Rh(CO)2 was also studied, but in 
contrast to the Tp* complex, it did not result in C—H bond activation.?5* Details of 
the photochemical reaction of Tp*Rh(CO); which activates C—H bonds were 
analyzed, and compared with those of the Cp and Cp* analogs.?55 Photolysis of the 
complex Tp*Rh(PMe;)(C;H,) in thiophene at lower temperatures yielded two 
products, 99 and 100 (see p. 76), corresponding to C—H and S—C bond activation, 
respectively. At higher temperatures, 100 became the almost exclusive product.9%° 


Photolytic reactions, similar to those of Tp*Rh(CO)», were also observed 
with isonitrile analogs, Tp*Rh(CNR), (R = neopentyl, 2,6-xylyl). Thus, irradiation 
of Tp*Rh(CNR), in benzene, resulted in the loss of one isonitrile molecule, 
followed by oxidative addition of benzene, to yield Tp*Rh(CNR)H(Ph).55525? Instead 
of Tp*Rh(CNR);, it was also possible to use the carbodiimide complex, Tp*Rh(CN- 
CH,Bu')(PhN=C=N-CH>Bu'), which upon irradiation in a variety of alkanes or arenes 
yielded products arising from the elimination of the carbodiimide ligand, and the 
formation of a C—H oxidative addition product.??? The thermolysis of one of such 
products, Tp*Rh(CN-CH,Bu')(Ph)(H), in benzene in the presence of excess 
isocyanide produced Tp*Rh(CN-CH2Bu')2, and the mechanistic aspects of this 
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reaction were studied in detail. 1 ,3-dipolar cycloaddition of PhN; to Tp*Rh(CNR); 
gave rise to Tp*Rh(CNR)(n2-PhN=C=NR), the photolysis of which in benzene 
resulted in C—H bond activation, and produced Tp*Rh(CNR)H(Ph). These reactions, 
and related ones, were investigated.?9? Along the same lines, photolysis of the 
isonitrile/carbodiimide complex, Tp*Rh(NCR)(RN=C=NR), generated the transient 
species Tp*Rh(NCR). Cyclopropane added to this intermediate, yielding the hydrido 
cyclopropyl derivative 104, which rearranged to the structurally characterized 
rhodiacyclobutane 105, which added stepwise isonitrile, CNR, being converted to 
106 (see p. 78). The propylene complex, Tp*Rh(CNCH;CMe;)(H;C-CHMe), was 
produced upon pyrolysis of the rhodacyclobutane species. In contrast to the 
cyclopropane reaction, cyclobutane produced only the cyclobutyl hydride complex, 
Tp*Rh(CNR)H(cyclobutyl), which did not rearrange to the rhodacyclopentane, but 
instead reductively eliminated cyclobutane.?! The energetics of homogeneous 
intermolecular vinyl and allyl carbon-hydrogen bond activation by the 16-electron 
species Tp*Rh(CNCH)Bu') were assessed by studying the rearrangements of hydrido 
vinyl complexes, such as Tp*Rh(CN-CH»Bu')(CH=CH))(H) to the n?-ethylene 
complex, or of the allylic complex Tp*Rh(CN-CH;Bu')(CH;CH-CH;)(H) to the n?- 
propylene derivative, and similar reactions. On the basis of these experiments, the 
relative Rh—C bond strengths were calculated, and were found to parallel the 
strengths of C—H bonds: Rh—Ph > Rh—vinyl > Rh—Me > Rh—(primary alkyl) 
> Rh—(cycloalkyl) > Rh—benzyl > Rh—allyl, although the differences in Rh—C 
bond strengths usually exceeded the corresponding differences in C—H bond 
strengths,!528 


The question whether the inter- and intramolelcular C—H bond activation 
by Tp*Rh complexes proceeds through Rh! or Rh!! complexes was addressed in a 
study of the reactions of Tp*Rh(CH;-CH;);. While ligands such as CO or 
phosphines yielded Tp*Rh(CH;-CH;)(L) complexes, MeCN or pyridine gave rise to 
products of the type Tp*Rh(Et)(CH=CH))(L). The chemistry of such species 
suggested the presence of an equilibrium between Tp*Rh(CH;-CH;), and an 
undetectable amount of the hydrido vinyl species, Tph*Rh(H)(CH-CH;)(CH;-CH;). 
Thermolysis of Tp*Rh(Et)(CH=CH,)(NCMe) in benzene at 60 °C produced 
Tp*Rh(Et)(NCMe)(Ph). It was concluded that Rh! species were responsible for the 
activation of benzene.9% 


Similar studies of C—H bond activation were also carried out with the 
analogous iridium complexes. In the first such study, the mere reaction of TpK with 
(IrCI(COE)]; (COE = cyclooctene), yielded a C—H bond activation product, the 
cyclooctenyl hydride, TplrH(n?-C4H 3), while the photolysis of Tplr(CH;2CH;); 
gave rise to to the hydrido vinyl derivative, TpIr(H)(CH=CH)(CH=CH)). The latter 
rearrangement could not be achieved thermally.?57 
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Thermolysis of Tp*Ir(C;H г) produced at first the hydrido vinyl 
intermediate, Tp*Ir(H((CH-CH;)(CH;52CH;), which underwent intramolecular 
coupling, to form the hydrido allyl complex Tp*IrH(n?-CH;CHCHCMe).555959 The 
same intermediate was also capable of regioselectively activating the oxygen-adjacent 
methylene hydrogens in cyclic ethers (THF, 2-methyltetrahydrofuran, 1,3- 
dioxapentane, tetrahydropyran and dioxane) forming in each instance a Fischer-type 
carbene derivative, also containing a hydrogen and butyl group on iridium, as 
exemplified by the structurally characterized THF-derived product, 234.9? Another 


Q 


234 235 


reaction of the iridium(III) complex Tp*Ir(H)((CH-CH;)(CH;2CH;) was the 
activation of two molecules of benzene, during its thermal reaction under nitrogen, 
forming the structurally characterized nitrogen complex 235 which was shown to 
undergo a variety of other transformations. These included formation of a Fischer 
carbene, conversion to the CDs analog, and to the dinuclear [Tp*Ir(Ph);]3(u-N;) 
complex, as well as replacement of № with other ligands, such as CO or PR, °°! 


Thermal activation of the diethylene complex Tp*Ir(C;H,)» in thiophene 
also led to double activation of thiophene, producing Tp*Ir(2-thienyl);(thiophene), 
from which the thiophene molecule could be displaced by various other ligands. Its 
hydrogenation resulted in loss of the C-bonded thiophene molecules, producing a 
dihydride, which on thermolysis was converted to 109 (see p. 80).9? This C—H 
activation reaction was expanded to include 2-methylthiophene and 3- 
methylthiophene, which were activated just like thiophene. The S-bonded thiophenes 
could be readily replaced with CO or with PMe3, and the structure of Tp*Ir(2- 
SC4H3)CO was established by X-ray crystallography. Thermal activation of several 
substituted thiophenes by Tp*Ir(n^-H;C-C(Me)C(Me)-CH;) was also studied. А 
3 + 2 cycloaddition reaction, in which coordinated acetonitrile added to the vinyl 
group on iridium in the complex Tp*Ir(C,H3)(Et)(MeCN), with formation of the 
iridapyrrole 110 (see p. 80), has been demonstrated. This reaction was catalyzed by 
traces of water, and was applicable to a variety of nitriles and olefins coordinated to 
iridium.99 
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An uncommon example of C—H bond activation in the Tp ligand itself was 
provided by the reaction of Tp*Ir(CH,)(PPh3), 236, with excess PPh;. This yielded 
a product in which one pyrazolyl ring added oxidatively its 5-CH to iridium to 
produce the species 237, which remained in equilibrium with the starting material. 
The cyclometallated product was not structurally characterized, but it was identified 
unambiguously by NMR.%” Protonation of 237 with HBF,, which took place at 
the free nitrogen atom of the cyclometallated pyrazolyl ring, produced an isolable 
salt, the structure of which was determined by X-ray crystallography. !537 


In a detailed study of photochemical C—H bond activation in a series of 
Tp*Ir(n^-1,3-diene) complexes (Тр^ = Tp or Tp*; diene = butadiene, 2- 
methylbutadiene, 2,3-dimethylbutadiene, cyclopentadiene and 1,3-cyclohexadiene), it 
was demonstrated that the products аге 1,2,3-ņ?-butadienyl derivatives. For instance, 
photolysis of Tp*Ir(H;C2C(Me)C(Me)-CH;) produced in good yield the т?-аПу! 
complex (Tp*Ir(H)(n?-CH;C(C(Me)-CH;)CH;], while thermal activation of benzene 
by Tp*Ir(H;C-(Me)C(Me)-CH)) yielded the No-bridged (Tp*IrH(Ph)];(u.-N;).995 The 
major findings of the preceding investigations, dealing with the formation of hydrido- 
т\?-аПу! complexes of Ir!!! by sequential olefinic C—H bond activation and C—C 
coupling of alkenyl and olefin ligands, have been summarized.?? Various aldehydes 
were also activated by the Tp*Ir(H;C-(Me)C(Me)-CH;) complex. For instance, its 
reaction with p-anisaldehyde yielded initially the Fischer hydroxycarbene, 112, which 
was converted by heating to the complex 111 (see р. 81).'9 Another type of 
activation by a homoscorpionate iridium complex was that of carbon monoxide. 
Thus, the reaction of TpIr(CO); with water or with alcohols produced complexes 
TpIrH(CO)(COOH), and TpIrH(CO)(COOR), respectively,?95 while a similar reaction 
with amines gave rise to species such as TpIrH(CO)(CONHR).”° 


Apart from the rhodium and iridium scorpionate complexes, there were few 
examples of C—H bond activation with other metals. One such example involved a 
rhenium complex, TpReO(CI)I, which could be photochemically activated in a 
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variety of aromatic solvents, with resultant replacement of iodine by an aryl group. 
The yields for this reaction were improved by the presence of pyridine.77?739 There 
was also one report using ruthenium. In that example, regio- and stereoselective C— 
C bond formation with terminal acetylenes was achieved through facile y-C—H bond 
activation in phosphinoamine ligands of TpRuCI(L) complexes. The novel products 
were exemplified by TpRuCI[&*(P,C,C)-Ph;PCH;CH(NEt;)CH-CHR)), and by 
related structures, such as 238 (Fc = ferrocenyl) and 239. These couplings took 
place, depending on the steric requirements of the R substituent, either at the internal 
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or at the terminal carbon atom of the acetylene molecule.99? In the other example, a 
coupling reaction of terminal acetylenes with a ruthenium-coordinated ligand, 
Ph2PCH;CH;NMe;, was achieved, and this involved C—H activation of the 
-CH;CH;- chain. In this reaction the cation [((TpRu(Ph;PCH;CH;NMe; Ksolvent)]* 
reacted with monosubstituted acetylenes HC=CR (К = COOEt, Ph, CH;Ph), losing 
dimethylamine, and forming the novel coupling products of general structure 
TpRu(CI)[i?-(P,C,C)-Ph;»PCH- CHC(R)- CH;)].599 


Finally, an example of C—H bond activation by a platinum complex 
involved the activation of benzene. In this reaction the anion (Tp*PtMe;] was 
monodemethylated with B(C¢Fs)3, and this was followed by oxidative addition of 


benzene to the resulting [TpPtMe] species, producing the structurally characterized 
octahedral complex TpPtMe(H)Ph.!046 


5.5 Metal Deposition 


Соррег(1) scorpionates were used in preparing thin copper films by the MOCVD 
(Metal Organic Chemical Vapor Deposition) method. It was important that the 
complexes be oxygen-free, and that the decomposition products in a hydrogen 
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atmosphere be volatile, and thus not be incorporated in the film. The complexes used 
were TpCuPMe, and TpCuPEt;, and in selectivity studies it was found that selective 
deposition of copper occurs on metal coated films, such as Pt and W.'5°7 In a more 
detailed investigation, a wider range of copper complexes Tp*CuL was tested, 
including those with Tp*= Tp, TpM* and Tp*, and L = PMe;, РЕ, PMe;Ph, 
Ph;PCH;PPh;, Ph;PCH;CH;PPh;, PPh}, CNBu', CNPh-3,5-Me; and PCy;, some 
of which were novel compounds. Polycrystalline copper phases were obtained in the 
150-350 *C range. Selective deposition on metal-seeded surfaces was noted on Pt, 
Au, Al and W using SiO; as standard.!595 It was also possible to deposit thin TiO; 
films by the MOCVD technique, using TpTi(OPr'), as the source of titanium 
Amorphous TiO, films were prepared successfully in the 300-800 °C range on quartz, 
sapphire and Si[100].!509 


5.6 Metal Extraction 


The use of Tp and pzTp ligand in the extraction of divalent first row transition 
metals, and alkaline earth metals was studied as a function of pH, and it was found 
that at pH > 1.0, divalent nickel, cobalt and copper were quantitatively extracted into 
chloroform from an aqueous phase, while magnesium and calcium were extracted in 
the neutral pH range.!?!? These studied were continued, including also the Bp ligand, 
which did not extract any Па metals, but did so in the presence of 
diphenylphosphinylmethane synergist.!5!! Studying the extractability of alkaline 
earth cations with scorpionate ligands, it was found that Tp is an effective extractant 
for Be?*, Mg?*, and Ca?*, while pzTp was effective only for Be?* and Mg?*.420 


5.7 Miscellaneous Studies 


A number of scorpionate complexes of the d- and f-block metals has been included in 
tables listing bond lengths, which were determined by X-ray crystallography and by 
neutron diffraction.!5!? In a negative ion electrospray mass spectrometric study it 
was found that solutions of KTp show ions [Tp] and K(Tp;] , and that alkali metal 
halides do not form observable adducts with the Tp anion.!5!? Negative-ion fast-atom 
bombardment mass spectra of scorpionates with various matrices (glycerol, m- 
nitrobenzyl alcohol, magic bullet, tetraethyleneglycol dimethyl ether) have been 
explored, and information on ion structure was obtained from the collisionally- 
activated dissociation spectra.!5!^ Seven different paramagnetic octahedral 
homoscorpionate complexes of Со! were investigated by FAB mass spectrometry, 
and by 'H and '3C NMR ѕресігоѕсору.?* The nature of metal-ligand bonding was 
studied by gas-phase ultraviolet photoelectron spectroscopy on a series of octahedral 
Tp2M complexes, where M was Zn, Fe, Co, Ni and Cu.!>!> The structures of Bp, Tp 
and pzTp salts (Na and K), also containing water of hydration, were studied in the 
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solid state by X-ray crystallography, and in solution by 'H, !!B, ?C апа 5N NMR, 
and the ор values for [BH;]", [pzBH;], [pz;BH] and [Bpz;]" were estimated.?!5 The 
structure of the hydrated free acid, pzTpH, was determined by X-ray crystallography, 
and was found to be similar to that of the alkali metal salts.?!? A comparison of a 
series of Tp2M complexes with related triazolylborates was carried out on the basis 
of electrochemical data, and of their orbital energy levels.!58 


It was shown that the apparent TI-H and TI-C coupling constants in Tp*TI 
complexes can be modulated, as a result of nuclear shift relaxation due to chemical 
shift anisotropy. This could be seen as a reduction of coupling constants at higher 
magnetic field strengths, or at lower temperatures. Such behavior was particularly 
noticeable in complexes of structure Tp'8"-RT],!5!6 The thermodynamics of 
heterolytic and homolytic M—H bond cleavage reactions of 18-electron and 17- 
electron complexes Tp*M(CO)3H, (Tp*= Tp, Tp*; М = Cr, Мо, №) were studied, 
and compared with available data for their Cp analogs. It was found by means of 
proton transfer equilibrium measurments that the pK, values for the metal hydrides 
decrease in the order CDM(CO);H > TpM(CO);H > Tp*M(CO);H. The homolytic 
bond dissociation energies, obtained on the basis of the known thermochemical cycle 
based on the pK, and anion oxidation potential data, were found to decrease in the 
same order, CpM(CO)H > TpM(CO)H > Tp*M(CO)3H.'5!7 Related to his, was a 
study of the rates of degenerate transfer of electrons, protons and hydrogen atoms 
between Tp*Mo(CO);H and of the derived 17-electron radical, Tp*Mo(CO);.9?* 


A series of tungsten homoscorpionate hydrides of structure Tp*W(CO),H, 
where Тр" was Tp, Tp*, TpP^, Tpi”! and Tp'®", was synthesized, and the structure of 
TpW(CO)3H was determined by X-ray crystallography. It was assumed on the basis 
of IR data, that in all these complexes tungsten exhibits a 3:4 coordination.®° А 
series of complexes having the structure Tp*RhCIoL (Tp* = TpMe, Tp*, TpMe3, 
Tp*C!, Тр'?', TpiPr4Br, TpCF3Me,, L = MeOH, MeCN, or Hpz*) has been prepared 
starting with NaTp* and RhCl, in MeOH or in MeCN. The TpP^Me ligand was 
degraded under these conditions, while no reaction occurred with Tp(CF3?, presumably 
because of non-bonding interaction of the 5-CF; groups.??? Another multi-ligand 
study involved the synthesis of Tp*Ir(COD) complexes, for Tp* = Tp, TpMe, ТрїРг, 
Tp*, TpCFsMe, TpPh.Me, TpiP2, TpMe3. Tp*C! and Tp*Pr, and the structure of the к?- 
bonded Tp*C'Ir(COD) was determined by X-ray crystallography. The bulkiness of 
these complexes resulted in the isolation of some products containing rearranged Tp* 
ligands. In the case of Тр!?", the product was Tp'?'*Ir(COD), while in the case of 
TpM*, the final product was [HB(pz*M*)(pz™*),]Ir(COD), thus far a unique example 
of two pz® moieties undergoing rearrangment within the ligand.?? 


The reduction of twenty different aldehydes and ketones to the corresponding 
alcohols by KBp, Bp;Cu, and by pyrazabole, H;B(u-pz);BH;, has been studied in 
ethanol solution. In general, yields ranging up to 93 % were obtained with KBp or 
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with the pyrazabole, while Bp;Cu was only half as active. In the work-up of the 
reaction residue from the reduction with pyrazabole, using HCl, some 4,4,8,8- 
tetrachloropyrazabole was isolated.!5!5 The salt KpzTp was investigated as a mobile 
phase additive for reverse phase High Performance Liquid Chromatography of metal 
chelating compounds, and KpzTp was found to be definitely superior to previously 
employed eluent modifiers, including NaTp.!5!? Some scorpionate derivatives of 
ruthenium were used for the inhibition of the immune response, thus significantly 
reducing graft rejection, and for treating hyperproliferative vascular diseases.!520 


In probing the geometric and electronic structure of cobalt(II)-substituted 
proteins by means of magnetic circular dichroism spectroscopy, in which ground- 
state zero-field splitting was a coordination number indicator, several cobalt(II) 
scorpionates were used as model compounds. They included Tp'®*CoNCO, 
Tp'8*CoNO,, Tp/P4BrCoCI, Tp/P4B'CoNCS, Tp'?"48Co[(BBN)Bp, Tp""CoN;. 
Tp'"CoNCS, Tp?*CoNCO, Tp'^CoNCS(THF), and [pz°Tp'?*],Co.!52! The M—N 
stretching bands of Tp*;Fe, and of other related scorpionates have been observed and 
assigned in the region below 400 cm”. In a study of electron transfer in transition 
metal-pteridine systems, complexes of the type Tp*Cu(Hypterin) (Tp* = Tp"^, 
Tp/^4Br, Tp'84) were synthesized and their electronic spectral data and lifetimes were 
determined.!5?? A detailed study of the low-frequency (650-150 cm!) infrared spectra 
of octahedral Tp*;M complexes (Tp* = Tp, pzTp, Tp* and TpM&*; М = Fe, Co, Ni, 
Cu and Zn) was carried out, and the M—N stretching bands were assigned, based on 
the metal-isotope substitution method.'525 


An abiguity often exists in assigning the hapticity to homoscorpionate 
ligands of rhodium, iridium and platinum complexes in solution. It was found in a 
study of a large number of Tp*ML, species that good correlation exists between the 
hapticity of the Tp* ligand and the ''B NMR chemical shifts of these complexes. 
Thus, к?-Бопдей Tp* ligands had ''B NMR chemical shifts in the -8.4 to -9.8 ppm 
range, while for the K?-bonded Tp* ligands, the range was between -5.9 and -7.0 
ppm.!5% This method complements the one based on the infrared B—H stretch 
frequency as a criterion for hapticity assignment: complexes with the B—H stretch 
frequency above 2500 cm! contained the Tp® ligand bonded in x? fashion, while 
frequencies below 2500 ст! were typical of k^-bonding.!?!* Results obtained by 
both of these methods were in agreement, and led to reassignment of the solution 
structure of Tp*Rh(CO)(CH;-CH)) from к? to к? bonding of the Tp* ligand.°47 


It was discovered that solid Tp;Ru absorbed chlorine gas in redox fashion, 
and released it on heating in vacuo. these events being accompanied by a well-defined 
color change. This gave rise to the possibility that such property might lead to the 
development of a solid-state sensor for chlorine gas.55$ The carbonyl complex 
TpCuCO was used as a sensitizer for the valence isomerization of norbornadiene to 
quadricyclene.!99? A considerable number of TpMo(CO)9(n}-allyl) complexes, where 
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the n?-allyl ligand contained a large variety of substituents, or was part of a cyclic 
system, was synthesized, ?**^*5 and these complexes were investigated as useful 
reagents or catalysts for organic ѕупіћеѕіѕ.446-450 The complex [pz?Tp];Fe was 
evaluated in a study of size-exclusion chromatography.5!^ Some Sn'Y compounds of 
general structure TpSnR; were investigated for antimutagenic activity,!!?? while 
Tp*SnBu,Cl was found to be a useful transfer agent for the Tp* ligand to Zr, Nb, 
and Ta compounds.35* Tp and Tp* complexes of Rh, Ir, and Ru organometallic 
derivatives catalyzed regioselective homogeneous hydrogenation of quinoline, the best 
catalyst being TpRh(COD).!566 


5.8 Concluding Remarks 


At the current strong rate of growth in scorpionate chemistry, possibly aided by the 
commercial availability (Aldrich, Acros) of the first generation, and of some second 
generation ligands, further development of novel homoscorpionates is to be expected 
In addition to introducing novel Tp substituents, one can anticipate a bonanza in 
heteroscorpionates, especially in devising ligands with new types of donor arms, in 
addition to the two pz* rings. Some of the possibilities may be illustrated by 
R(R'NH)Bp', where deprotonation of the R'NH substituent would yield a dianion 
[R(R'N)Bp']*, adding a novel twist to the traditional Tp* chemistry. Other types of 
complexes will be accesible through the already demonstrated method of adding the 
B—H bond in Bp* complexes to multiple bonds, as in RR'C-E species, which then 
become modifiers of the original ligand. 


The neutral cousins of polypyrazolylborates, polypyrazolylmethanes, the 
coordination ability of which has been known for almost as long as that of the 
former, are likely to continue their recently more expanding development. 


Another area which might see some activity is the "organic" chemistry of 
octahedral Tp*)M complexes, akin to that of ferrocene. Triple functionalization of the 
4-position, could lead to interesting dendrimers, crosslinked structures, and the like. 
The Tp*;M moiety could be attached to amino acids, and inserted into proteins. Other 
possibilities will become obvious, as researchers from neighboring sub-disciplines 
become more familiar with scorpionate ligands. In the final analysis, the scorpionate 
field is wide open, and can be extended in almost any direction, being restricted only 
by the creativity of the scientist 
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heteroscorpionates of, Bp®'?Y 166 

galactose oxidase, 195 

gallium 
homoscorpionates of, Tp, Tp*, 
pzTp 89, 90; Тр'В°? 140 
heteroscorpionates of, Bp 159; Bp* 
162; Me,Bp 167 

germanium 
homoscorpionates of, Tp*, pzTp 
91, 92; 

gold 
homoscorpionates of, Tp, Tp*, 
pzTp 28, 29, 87; Tp(CF3? 141 

galactose oxidase, 195 

Gmelin, 12 

Graham, 75, 198 


hafnium 
homoscorpionates of, Tp 33 
hemerythrin, 67, 192 
heteroscorpionates, 155-182 
holmium 
homoscorpionates of, Tp, Tp* 93, 
94 
homoscoprionates, 
first generation 27-95 
second generation 99-154 
B-substituted 109-113 
3-monosubstituted 113-131 
4-monosubstituted 131, 132 
5-monosubstituted 132 
3,4-disubstituted 134-137 
3,5-disubstituted 137-148 
4,5-disubstituted 148-150 
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trisubstituted 150-153 
hydrogenase, 194 


indium 
homoscorpionates of, Tp, Tp*, 
pzTp 90, 91; Тр'в" 119; Тр?" 125; 
Тр'Во2 140 
heteroscorpionates of, Bp 159, Bp* 
162 

iridium 
homoscorpionates of, Tp, Tp*, 
pzTp 78-82, 201-203, 206; TpM* 
101, 108, 206; TpMe* 101, 108; 
ТрїР' 114, 206; Tpi? 114, 206; 
ТрсезМе 145, 206; TpP»Me 146, 
206; TpMe? 150, 206; Тр*©! 151, 
206; Tp*?' 152; Трі?'2206 
heteroscorpionates of, Bp* 161 

iron 
homoscorpionates of, Tp, Tp*, 
pzTp 66-68, 187, 192, 205; BuTp 
109; PhTp 110; PhTp'?" 110; ЕсТр 
111; FeTp*SiMes 111; FcTpMe 111; 
TpMe 113; р2°Трі?' 5,114; TpMenth 
122; pz?Tp^Me 132; Tp^C! 132; 
Tp*®' 132; Tp? 136; Tpi”? 137- 
139, 192, 193; Tp'BuiPr] 45; 
Tp4Bo.Me 149; ТрїВо.5Е 149; 
Tp4Bo-46Mez 150; "TpMe3 150; 
Tp*9^151 
heteroscorpionates of, Bp 157, 158; 
EtBp 167; (pz*)Bp 176; (pz)Bp* 
176 


Janiak, 12 


a-ketoglutarate, 68, 188 
ketones, 

reduction of 69 
Kirchner, 13, 71 
Kitajima, 11, 12 


Lalor, 11 
lanthanides, 93-95, 125, 144 
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lanthanum 
homoscorpionates of, Tp, Tp*, 
pzTp 93-95; Тр?" 125; Tp™ 127; 
heteroscorpionates, Bp" 165 

lead 
homoscorpionates, Tp, Tp*, pzTp 
92,93, TpM 113; Тр?у 129; Tp4C 
132; Tp8 132; 
heteroscorpionates, Bp 160, BpP» 
165 

ligand profile, 107 

lipoxygenase, 188 

lithium, 28 
homoscorpionates of, Tp, Tp*, 
pzTp 30 

lutetium 
homoscorpionates of, Tp, Tp* 
94, 95; 


magnesium 
homoscorpionates of, Tp, Tp*, 
pzTp 30, 31, 205; BuTp 109; Tp’ 
11, 117, 185; TpTe! 125; Tp!BuPh.Me 
147 
heteroscorpionates, Bp 157 
manganese 
homoscorpionates of, Tp, Tp*, 
pzTp 61, 62, 191; BuTp 109; PhTp 
110; ТрМе 113; pz°Tp!? 114; 
TpMenth122; TpPy 129; р2°Тр*Ме 
132; Тр“! 132; Тр*8' 132; Трїїї? 
138, 177, 191; TpCF3? 141; 
Tp!BeiPr 145; TpMe3 150 
heteroscorpionates, Вр 157, Bp®'PY 
166, Et2Bp 167 
manganese superoxide dismutase, 191 
Marques, 12 


Mayer, 62, 72 
McCleverty, 11, 12, 13 
metals 


deposition of, 204 

extraction of, 94, 160, 205 
methane monooxygenase, 192 
methanol monooxygenase, 193 
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methemerythrin, 192 heteroscorpionates of, Bp 157, 159; 
methionine synthase, 146 Bp* 160; HyB(pz)(pz*) 162; Вр? 
mercury 163; Вр'8° 163; Вр? 164; BpE? 
homoscorpionates of,Tp, Tp*, pzTp 164; BujBp 169; Bp!?-4(OMe)2Ph) 
88, 89; Трме 113; Tp#® 132; Tp? 166; Et,Bp 167; MejBp 167; 


141; Трме3 150; Тр*С! 151; 
molybdenum 
homoscorpionates of, Tp, Tp*, 


Bu,Bp 169; (BBN)Bp 170; Ph;Bp 
171; FjBp* 172; (pz*)Bp 176 


pzTp 10-12, 82, 184, 189, 190, Ме 

; TpiPr4Br] 04; 1 
Er rn die: ШАЛА d hompscorpionates, Tp, Tp* 34-36, 
ИЗ. porti ү4, Tier 19; Трсу 185; Тро" 116; Tp*C 151, 185 
DU T 123; parim ios. por heteroscorpionates of, Bp 158 


Au 12: TAA 195: nitrate reductase, 189 
Toe oa piena: тр 132; nitrite reductase, 49, 118, 141 
Tp* 136; TpP? 137; TprMe 142; nitrous oxide reductase, 161, 196 
тріво 148; Tp!Bo5Me 149; non-linear optics, 47, 53, 57 
Tp/Bo.5tBu] 49. Tp4Bo4.Mez 150; 
TpM&? 150; Тр*® 150; Tp*5^151; 
Tp*A™ 151; Тр*8"151; Tp*C! 151 
heteroscorpionates, Bp 157, Bp* 
160, 161; Вр?" 164; Bp? 164; 
Ph2 Br3 3 
n ets eae 165 homoscorpionates, Tp, Tp*, pzTp 
s 5, 28, 82, 83; Tp-Tp 112; TpPh 
molybdopterins, 49 123; pz°Tp™ 125; TpMs, TpMs* 
Moro-oka, 12 128; Трі?'2 139; Tp4Be 149; 
(BBN)BpF¢ 171 


Osmium 
homoscorpionates, Tp, Tp* 72, 73 
oxyhemocyanin, 86 


palladium 


neodymium, Бессел hs 
= rpionates of, Bp 159; Bp 
e ыш Tp. Tp* 93-95 161; Et/[Bp 168; ЕБВрЁ© 169 
homoscorpionates, Tp 96 Parkim, 11 ie 12 
heteroscorpionates of, Bp 160 phenylalanine hydroxylase, 124, 194 
nickel phosphorus К И 
homoscorpionates, Tp, Tp*, pzTp homoscorpionates; Tp 93 
82,194,205,207; Тө;  — Plastocyanin, 174, 195 
BuTp 109; TpMe-TpMe 112; TpMe pe ш 
113; ртр? 5, ТҮ; T pent 122, Hiomioscormonstes, Tp. Tp*, pzTp 
123; Tp? 123; Тр” 124, 186; 34 23,204: Ty 148 
трт 125. 186; Tp^^ 126; с heteroscorpionates of, Вр 159; Вр* 
рг°ТрМе 132; тр 132; Tp’! 161; ВоВр 168; Ph;Bp 171 
132; Тр*8' 132; Tp/?r4r 134; Тр? plutonium 
138. 139; TpBs.Me 142; Tp'B Th homoscorpionates, Tp, Tp* 97 
1 45; Тр?®Ме 146; TpCim Me 147; polypyrazolylborates, 


TpM& 150, 207; Тр?®Т" 146 definition of, 1, 3 
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also see "scorpionates" 

potassium 
homoscorpionates of, Tp, Tp*, 
pzTp 30, 205, 207; Трм 100; TpT^! 
125; Tp^^ 126; Tp&4CIP) 126; Tp? 
129; Tp(CF3? 14]; TpPh-MePh 152 
heteroscorpionates of, Рг2Вр 169; 
(BBN)Bp™E 170 

praseodymium 
homoscorpionates of, Tp, Tp* 93- 
95; 

purple acid phosphatase, 67, 192 

pyrazaboles, 29, 30 159, 177-182 
unsymmetrical, 181 
symmetrical, 178 
synthesis of, 177-179 


rearrangement 
of Tp* ligands, 3, 6, 101, 107,108 
of Bp* ligands, 163 

Reger, 11, 12 

regiochemistry in ligand synthesis 99- 
102 

rhenium 
homoscorpionates of, Tp, Tp*, 
pzTp 28, 62-66, 203 

rhodium 
homoscorpionates of, Tp, Tp*, 
pzTp 75-78, 184, 198, 199, 207; 
МеТрме 109, 113, 206; Tp'®" 
117, 200; TpMe 122; TpP^ 124, 
199, 200; TpMs, TpMs* 128; 
ТрїРє4Вг 134; Tp? 136; Tp?* 136; 
TpCF3Me 145, 206; TpCF5T^ 145; 
TpPhMe 146; TpMe3 150, 206; 
Tp*€! 151, 206; Tp1Bo3Me 153; 
Tp?'3Me 153; Трі?'2 184; Tp 
184; Tp(CF3?? 185; Tpi”! 200, 206; 
TpiPr.4Br 206 
heteroscorpionates of, Bp 158; Bp* 
161, 200; E;Bp 168; (BBN)BpMe 
170; Ph;Bp 171; Ph(Me)Bp 173 

ribonucleotide reductase, 67 

rubidium 
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homoscorpionates of, Tp, Tp*, 
pzTp 30 

ruthenium 
homoscorpionates of, Tp, Tp*, 
pzTp 68-72, 184, 185, 203, 204; 
MeTp™ 109; pz?Tp*Me 132; 
Tp/?r8r 134; TpiP2.Br 152 
heteroscorpionates of, Bp 158; Bp* 
161; Bp(C*3? 165 


samarium 
homoscorpionates of, Tp, Tp* 93- 
95; Тр? 129; Tp'BuMe 144 
heteroscorpionates of, Bp 160; Bp* 
162; CpBp* 176 
Santos, 12 
scandium 
homoscorpionates of, Tp 31 
scorpionates 
abbreviation system for, 5-8 
analogs of, 
via pyrazole replacement, 
2324 
via boron replacement, 24 
with Al or In, 24 
with Ga, 24 
C, 24 
with Si, 25 
with other elements, 25 
comparison to Cp ligands, 9 
historical development, 10 
reviews of, 12, 13 
synthesis of, 13-18 
Shaver, 12 
silicon 
homoscorpionates of, pzTp 91 
heteroscorpionates of, Ph;Bp 172 
silver 
homoscorpionates of, Tp, Tp*, 
pzTp 86; TpM© 113, 114; pz?TpMe 
114; TpCF3 114; Тро^" 126; Tp?” 
129; Тр“8' 132; Тр(Сез)2 141; 
Tp? 141 


INDEX 


heteroscorpionates of, Bp 159; 
PhjBp 171 
sodium 
homoscorpionates of, Tp, Tp*, pzTp 
30, 205, 207 
heteroscorpionates of, H;B(pz)(pz*) 
162 
steric effects 
quantification of, 102-107 
strontium 
homoscorpionates of, Tp, Tp*, 
pzTp 31 
sulfite oxidase, 49, 189 


Takats, 13 

tantalum 
homoscorpionates of, Tp, Tp*, 
pzTp 36 
heteroscorpionates of, Bp 158; Bp* 
161 

technetium 
homoscorpionates of, Tp, Tp* 62 
heteroscorpionates of, Bp 158 

terbium 
homoscorpionates of, Tp, Tp* 93, 
94; ТрРУ6Ме 130 
heteroscorpionates of, Bp 160; 
BpPY 165 

thallium 
homoscorpionates of, Tp, Tp*, 
pzTp 91, 105, 106; Tp? 105, 106; 
Tp'®" 105, 106; Tp'®4Me 105, 106; 
Tpo™ 105, 106; Тр©Ре 105, 106, 
121; Тр©У 105, 106; TpC4& 105, 
106; Tpi*r4Br 105, 106; Tp™P 122; 
pz?TpP^ 125; TpTe! 125; Tp»^^ 
126; TpMs, TpMs* 107, 127; Tp^^ 
128; Tp@-4OMe)2Pm 128; Tp(4CIPh) 
126; TpCHPh2 130; TpCONC4Hg) 
131; TpCFs^ 145; TpP'? 105, 106, 
152; Тр+Во.3Ме 105, 106; Tp(CF)2 
105, 106; Tp38°-7'B" 105, 106; 
тр'вєк 172; Тр'Вч48г 135; TpCy4Br 
135; Tp?Bo7Me 136; Tp?Bo7Bv 136 


281 


heteroscorpionates of, Bp?" 163; 
BpTrip 164; H;B(pz)(pz'P?) 162; 
BpFe 164; Bp"? 165; ВрВїРУ 166; 
(BBN)Bp 170; Ph;BpP" 172; 
Templeton, 12, 55 
Theopold, 11 
thorium 
homoscorpionates of, Tp, Tp*, 
pzTp 95, 96; Тр?» 129; 
heteroscorpionates of, Bp 160 
thullium 
homoscorpionates of, Tp, 94; 
tin 
homoscorpionates of, Tp, Tp*, 
pzTp 92; Трм 114; pz? TpM* 114; 
Tp 131, 132; pe Tp 132; 
Tp/BoMe 144; TpiBoNO» 149; 
pz"Tp4BeNO? 149; TpMe? 150 
heteroscorpionates of, Bp 159, 160; 
BpM* 163; Et,Bp 169; Ph;Bp 172; 
С1›Вр 173; BrjBp 173; Вр 173 
titanium 
homoscorpionates of, Tp, Tp* 32, 
205; Трі?' 115; Tpit” 122, 123; 
ТрїРг4Вг 134 
heteroscorpionates of, Bp 158 
Tolman, 11 
Trofimenko, 12 
tungsten 
homoscorpionates of, Tp, Tp*, 
pzTp 11, 52-61, 183, 184, 187, 
190, 191, 206; Tp? 115; Тр'Вч 
117; TpP^ 124; Тр*8"151 
heteroscorpionates of, Bp 158; 
ЕоВр 168; (MeBnS)Bp* 174 
tyrosine hydroxylase, 193 


uranium 
homoscorpionates of, Tp, Tp* , 
pzTp 95-97, 108; Tp?» 129 
heteroscorpionates of, Bp 160; Bp* 
162; Рћ,Вр 172 
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vanadium 
homoscorpionates of, Tp, Tp* 33, 
34, 186, 189 
heteroscorpionates of, Bp 158 
Vahrenkamp, 11 
Venanzi, 78 


Ward, 13 
Wedd, 12 
wedge angles, 106 


xanthine oxidase, 49, 50, 189, 190, 191 


ytterbium 
homoscorpionates of, Tp, Tp* 93- 
95; Tp!'BuMe 144 
heteroscorpionates of, Bp* 162 
yttrium, 
homoscorpionates of, Tp, Tp* 31, 
186 
heteroscorpionaters of, Bp* 162 
Young, 12 


zinc 
homoscorpionates of, Tp, Tp*, 
pzTp 87, 188, 198, 205, 207; BuTp 
109; PhTp 110; ТрМ° 113; pz°Tp'?* 
5, 114; Tp'P» 11, 118, 197; TpMenth 
122, TpMenth* 123; TpP^ 123, 124, 
188; Tp™! 125; Тр^" 126; 
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тра 126; TpMs, TpMs* 127; 
pz?Tp*Me 132; Тр“! 132; Tp* 136; 
Tp/^? 138-140; Tp'Bv? 140; Tp»? 
141; Tp'BuMe 14Tp'BuMe ]], 142, 
197; Tp/BvT» 145; TpPhMe 145, 
146, 197; TpT9.Me 146; TpCumMe 
11, 146, 147, 197; TpC«mMe* 146; 
Tp?PYMe 148: Tp?PicMe 148, 197; 
Tp4Bo-5Me 149; TpMe3 150, 207; 
Tp*?'151; Tp™ Me 146 
heteroscorpionates of, Bp 157, 
HaB(pz)(pz'&:) 162; 
H2B(pz*)(pz'8"?) 163; 
H2B(pz™?)(pz'8"?) 163; Вр?" 163; 
Bp'®"? 163; Вр?" 164; Bp(CF3? 165; 
Bp'®4Fr 165; BpBiP* 166; Ме,Вр 
167; EoBp 167; (BBN)Bp 170; 
(Ph;CHO)Bp!BuiPr 174; 
(PhCHS)Bp!BeiPr] 75; 
(MeO)Bp'®" 175; (EtO)Bp'®"175; 
(i-PrO)Bp'? 175; (MeO)Bp'®usPr 
175; (НСОО)Вр'в‹!?' 175; (3- 
(CMe2?0H)-5-iPrpz)Bp/?? 177 


Zirconium 
homoscorpionates of, Tp, Tp*, 32; 
iPrTp 109; BuTp 109; FcTp 111 
heteroscorpionates of, Bp 158 


SCORPIONATES 


The Coordination Chemistry of Polypyrazolylborate Ligands 
by Swiatoslaw Trofimenko (University of Delaware) 


This book deals with polypyrazolylborates (scorpionates), a class of ligands known since 
1966, but becoming rapidly popular with inorganic, organometallic and coordination 
chemists since 1986, because of their versatility and user-friendliness. They can be readily 
modified sterically and electronically through appropriate substitution on the pyrazole 
ting and on boron, and have led to a number of firsts in coordination chemistry (first 
stable CuCO complex, first monomeric MgR complex, and many other such firsts). Their 
denticity can range from two to four, their “Bite” can be adjusted, and additional 
coordinating sites can be added to the pyrazolyl rings. Over 170 different scorpionate 
ligands are known today, and some are published for the first time in this book. 


The author, Swiatoslaw Trofimenko, discovered and developed this ligand system and 
has written several reviews on the subject. The book is intended as a reference work, 
placing at the researcher's command practically all of the over 1500 references on ће 
subject up, and into 1999, organized both according to the ligand type and according 
to the metal or metalloid being coordinated. It acquaints the reader with the special 
features of this ligand system and permits an assessment of what has been done in a 
given sub-area, and of which areas remain relatively unexplored. It presents procedures 
for ligand synthesis, and also covers their use in catalysis and in the modelling of 
biologically active substances. 


“This important book, laden with chemical facts, is useful and well written ...Exhaustive 
coverage of scorpionate ligands establishes this book as the definitive source for anyone 
considering any aspect of scorpionate chemistry.” 

J. Am. Chem. Soc. 


"This book is essential for every researcher who makes use of Tp ligands and wishes to 
avoid duplicating work that has already been reported." 
Angew. Chem. Int. Ed. 


Imperial College Press 


